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[* AN early issue of the Journal we shall present a group 
of papers on glaciology. These are: 
“Introduction to Ice Petrofabrics.”” By HENRI BADER 


“Temperature Observations in Bergschrunds and Their 
Relationship.” By W. R. B. BATTLE and W. V. Lewis 


“Rotational Movement in Cirque and Valley Glaciers.” 
By JEAN M. CLarK and W. V. Lewis 

“Development of End Moraines in East-central Baffin 
Island.”” By RicHarp P. GOLDTHWAIT 


“Ogives of the East Twin Glacier, Alaska—Their Nature 
and Origin.” By F. B. LEIGHTON 


“Crystal Fabric Studies on Emmons Glacier, Mount 
Rainier, Washington.” By GrorcE P. RicsBy 


“Features of the Firn on Upper Seward Glacier, St. Elias 
Mountains, Canada.” By RoBert P. SHARP 
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RANGLE, SANTA BARBARA COUNTY, CALIFORNIA’ 


J. E. UPSON 
Sacramento, California 


ABSTRACT 

In the Gaviota Quadrangle, along the west-trending portion of the southern California coast, at least 
seventeen former marine shore lines are recognized. Below an altitude of 200 feet they are indicated by 
characteristic erosional and depositional features. Shore-line altitudes are at ap) sroximately 5, 25, 42(?), 60, 
90, 125, and 180-200 feet. They are not noticeably deformed. Formation of the 25-foot and possibly the 
go-foot shore line was preceded by a period of stream downcutting, possibly induced by temporarily lowered 
sea-level. Marine shells from deposits on the platform associated with the 60-foot and go-foot shore lines, 
identified by W. P. Woodring, are consistent with a late Pleistocene age. Above 200 feet, benches, flattish 
ridge crests, and hill summits at a series of accordant elevations are considered to be remnants of marine 
terraces. The yee ge | shore lines, not closely determined, are at roughly 275, about 350, possibly 470, 
probably 510, possibly 560, about 620, 723, 810, 860, possibly 1,000, about 1,060, 1,200, possibly 1,260, 
and 1,320, 1,660 feet, and possibly higher above present sea-level. 

The altitudes of shore lines below 200 feet seem to correspond to those described for the southeastern 
Atlantic Coast and certain Pacific islands. Thus they suggest world-wide positions of sea-level presumably 
glacially controlled, although inferred episodes of lowered sea-level do not entirely coincide. However, the 
remaining dozen or more shore lines above 200 feet were formed during and after the supposed mid-Pleisto- 
cene deformation in southern California. If the shore lines below 200 feet can be correlated with those at 
similar altitudes elsewhere in the world, the conflicting evidence of this paper suggests either that the shore 
lines do not represent the full glacial time scale or that the Pleistocene of southern California as represented 
by marine sediments extends back considerably further than the glacial period. 


INTRODUCTION graphically resemble similar hill and 
mountain areas of the adjoining land. 
On all the islands of this region and most 
of the higher land areas some studies or 
observations have been made on marine 
terraces. Smith (1900) studied the topog- 
raphy of the Santa Barbara Channel 
Islands and recognized the presence of 


marine topography that extends from marine terraces but made no particular 
Point Conception southeastward to some effort to classify and correlate them. 
distance south of the Mexican boundary L@wson (1893) discussed the marine ter- 


(fig. 1). Many of the highlands rise above "C&S in the vicinity of San Diego, on San 
sea-level to form islands which topo- Clemente Island, and the San Pedro Hills 


(now known as the Palos Verdes Hills) 
* Manuscript received October 3, 1950. as well as on the coast north of Point 
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The Gaviota Quadrangle is in Santa 
Barbara County on the west-trending 
part of the California coast which forms 
the northern margin of the “‘Continen- 
tal Borderland”’ of southern California 
(Shepard and Emery, 1941, p. 9). This 
is a broad area of highly irregular sub- 
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Conception. Woodring described fossils 
from the terraces of the Palos Verdes 
Hills and later (1946) mapped their ex- 
tent. Davis (1933) discussed two terraces 
on the south flank of the Santa Monica 
Mountains and analyzed their origin in 
terms of glacial fluctuations of sea-level. 
Putnam (1942) briefly described marine 
terraces on Rincon Mountain northwest 
of the Santa Monica Mountains and east 


of the Gaviota Quadrangle. Bremner, in 


describing the geology of two of the 
Channel Islands, briefly mentions the ex- 
istence of three main terraces and some 
others on Santa Cruz Island (1932) and 
two main terraces on San Miguel Island 
(1933). The present writer has observed 
a series of marine terraces on San Nicolas 
Island. Doubtless numerous other ob- 
servations of marine terraces at various 
localities in this region have been made 
of which the writer is unaware. 

Lawson (1893) evidently believed that 
all the marine terraces at widely sepa- 
rated parts of the California coast were 
essentially contemporaneous in a rather 
narrow sense, and the inferred correla- 
tion indicated that the whole California 
coast was uplifted as a unit, epeiroge- 
netically. Later students have tended to 
believe that in many areas the terraces 
represent merely halts in local uplift ac- 
companying local deformation. With ref- 
erence to the Palos Verdes Hills, Wood- 
ring (1946, p. 117) writes: “That the ma- 
rine terraces of the Palos Verdes Hills are 
due principally to uplift is suggested not 
only by their number and great altitude 
but also by deformation of the lower ter- 
races along the north border of the hills.”’ 
It is to be inferred that the halts in uplift 
and hence the spacing and extent of de- 
velopment of marine terraces at the sepa- 
rate localities would be different and that, 
for example, a marine terrace at an alti- 
tude of about 500 feet at one place would 
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probably not correspond to a similar ter- 
race at about 500 feet at another place. 
This is an entirely reasonable inference. 
Woodring also states (1946, p. 105): 
“Marine terraces along the California 
coast are with little doubt the equivalent 
of terraces in the Palos Verdes Hills as- 
signed to the Upper Pleistocene. Simi- 
larity in physiographic history may fur- 
nish a basis for correlation.”’ A third pos- 
sibility is that at least some marine ter- 
races originated because of, or reflect, 
eustatic changes of sea-level. It seems 
hardly possible that all marine terraces 
are eustatic in origin. Yet there can be no 
question that the sea-level must have 
fluctuated in response to waxing and 
waning of continental ice masses and 
perhaps in response to other causes. To 
attempt to conclude merely whether or 
not a series of terraces is of eustatic or of 
diastrophic origin is an oversimplification 
of the problem. 


PURPOSE AND SCOPE OF THIS PAPER 


One means of attack on these prob- 
lems, with respect both to southern Cali- 
fornia and to other coasts, is to study ma- 
rine terraces and to decipher sequences at 
as many places as possible. With this in 
mind the writer undertook a study of the 
marine terraces of the Gaviota Quad- 
rangle. The area was selected because 
there is clear evidence of several erosional 
levels to altitudes of at least several hun- 
dred feet ; little or no work had been done 
on the terraces; it is a mainland area and 
readily accessible; and no known strong 
late deformation has occurred actually 
in the area. 

The study is not complete, as limited 
time and a somewhat generalized topo- 
graphic map permitted only preliminary 
working out of marine levels above 200 
feet. However, the study shows at least 
five shore lines below 200 feet where only 
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one has heretofore been thought to exist, 
and it suggests the existence of many 
higher terraces up to altitudes of 1,660 
feet and perhaps higher. This high series 
of terraces seems to be comparable to, 
though not necessarily strictly correl- 
ative with, similar series found else- 
where along the southern California 
coast. There is some suggestion that the 
shore-line altitudes are very nearly the 
same; and, if the terraces are strictly 
correlative, it may be either that the sea- 
level declined eustatically or that the 
various crustal blocks of the southern 
California continental borderland rose as 
a unit. Either of these alternatives seems 
unlikely. 

What is even more astonishing is that 
the altitudes of the shore lines below 125 
feet are very nearly the same as those de- 
scribed by Stearns in the North Pacific 
Islands and Cooke on the southeastern 
coast of the United States, although 
there are some obstacles to full correla- 
tion. Is it possible that the lower shore 
lines of the southern California coast are 
correlative with shore lines at corre- 
sponding altitudes elsewhere in the world 
and represent eustatic fluctuations of sea- 
level? These and other problems are 
briefly discussed in this paper. 


LOCATION OF THE AREA 


The area studied is within the Gaviota 
Quadrangle of the Corps of Engineers, 
U.S. Army, and the adjoining southern 
part of the Los Olivos Quadrangle. 
These quadrangles border the 34°30’ 
parallel of latitude on the south and 
north, respectively, and lie between the 
120° and 120°15’ meridians west of 
Greenwich. The area is entirely within 
Santa Barbara County, California, and 
begins about 20 miles west of the city of 
Santa Barbara. It is traversed along the 
coast by U.S. Highway ro1 and the coast 
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line of the Southern Pacific railroad. 
Highway and railroad cuts greatly fa- 
cilitated the discovery of significant data. 
The field work was essentially restricted 
to the Gaviota Quadrangle. However, 
topographic profiles extend northward 
into the southern part of the Los Olivos 
Quadrangle. 


PERTINENT PHYSIOGRAPHIC FEATURES 


The area here studied is a rather nar- 
row coastal strip along the southern flank 
of the Santa Ynez Mountains, whose 
crest line lies from 2 to 5 miles inland and 
rises to altitudes of from about 1,200 
feet at the west end of the area to nearly 
4,000 feet at the east end. Figure 2 shows 
the parts of the Gaviota and Los Olivos 
quadrangles that include the area. A 
curving beach along the shore is con- 
tinuous except at a few rocky points. It 
is predominantly sandy but is composed 
of gravel at the mouths of all the larger 
canyons, except Gaviota Canyon, whose 
creeks enter the ocean at, or a little 
above, beach level. The beach is also 
gravelly along reaches where the waves 
are working against resistant rocks. The 
creek gravels consist almost entirely of 
large boulders and cobbles of sandstone 
from the Eocene formations exposed in 
the higher parts of the Santa Ynez 
Mountains; and the boulders of the 
beaches bordering reaches of resistant 
rocks are chiefly of the siliceous parts of 
the Monterey shale. The beach is narrow 
but is passable everywhere at low or mid- 
tide and almost everywhere at high tide, 
except at rocky points and promontories. 

Except for the valleys of the larger 
streams, the beach is backed by a steep 
cliff which ranges in height from as low 
as 25 feet to as high as 110 feet. The 
height of the cliff depends largely on the 
altitude of the bench cut across the top 
and is ordinarily lower in the less resist- 
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ant formations. The lower benches are 
poorly formed or absent on the resistant 
rocks. The cliff is steep nearly every- 
where and difficult or impossible to climb 
without ropes. It is vertical or nearly so 
where the bedding of resistant rocks is 
nearly vertical and where the cliff is 
formed in soft beds which have been un- 
dercut by the sea working at the present 
level, or at a level about 5 feet above 
present level. 

From the top of the cliff a sloping 
plain, which is here called the “coastal 
terrace,’’ rises landward to altitudes at 
its inner margin ranging from 40 to about 
200 feet. This terrace is underlain by al- 
luvial deposits which rest upon one or 
more erosional benches cut across de- 
formed consolidated rocks. At some 


places this terrace appears to be a single 
continuous surface; at others it is demon- 
strably a multiple surface formed by sev- 
eral successive episodes of erosion fol- 


lowed by deposition of alluvium, all as- 
sociated with successively lower relative 
positions of sea-level. At a few places the 
beveled bedrock surface is only thinly 
covered by a veneer of soil or alluvial 
wash. 

The coastal terrace abuts rather sharp- 
ly against bedrock slopes, only thinly 
covered by soil and wash, which rise 
steeply and abruptly to altitudes of from 
about 500 feet to locally as much as about 
800 feet. These bedrock slopes form 
crudely triangular-shaped facets between 
the creek valleys and canyons. They are 
smooth slopes at most places but locally 
have narrow, discontinuous benches at 
several intermediate altitudes between 
200 and about 500 feet. At 500-800 feet 
the terrain levels off to a series of benches 
and narrow ridge summits, which rise 
more or less gently landward to the main 
mass of the Santa Ynez Mountains. A 
few ridge summits reach altitudes of over 
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1,000 feet. This terrain between 500 and 
about 1,000 feet is here considered the 
foothilis of the Santa Ynez Mountains. 

The foothills and the coastal terraces 
are traversed and dissected by streams 
that head in the Santa Ynez Mountains. 
The larger streams, such as Capitan, Re- 
fugio, Tajiguas, and Gaviota creeks, 
which head well back in or behind the 
mountains, have cut their channels be- 
low the coastal terrace and have alluvial 
plains of appreciable width in their lower 
courses. Indeed, all the large streams 
doubtless previously carved their val- 
leys, which are now partly filled with al- 
luvium, to depths appreciably below 
present sea-level (see p. 423). 

Streams of intermediate length, such 
as Arroyo Quemado and Arroyo Hondo, 
have a narrow band of alluvial fill that 
extends only }-4 mile inland from the 
shore and probably does not extend so 
deeply below sea-level as does the fill in 
the larger canyon mouths. 

The short streams, such as those in 
Canada de la Posta, Canada de Molino, 
Canada San Onofre, and Canada Omen- 
tero, have only small bodies of alluvium 
at the very ends of the courses, and prob- 
ably the bedrock channels have not been 
carved appreciably below sea-level. In 
fact, at the mouth of Canada de la Posta, 
bedrock is traceable almost continuously 
along the beach across the canyon 
mouth. It is very unlikely that the 
stream carved a channel appreciably be- 
low the present level of the beach head. 

The stream grades indicated by the 
map are misleadingly steep because the 
50-foot contour is apparently drawn at 
the seaward side of the railroad embank- 
ment. Were it not for that, the contour 
would extend some distance up each val- 
ley. The alluvial fill in the canyons is dis- 
sected by the present streams to depths 
of from 5 to ro feet, even practically at 
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the present shore. In a few of the streams 
alluvial fill rises to heights of 15~20 feet 
above sea-level at the creek mouths. 

Numerous smaller gulches scar the tri- 
angular faces of the foothill front and 
terminate in alluvial fans that merge 
with, and in large part form the cover on, 
the coastal terrace. A few of these gulches 
are a little larger, such as the unnamed 
creeks on either side of Arroyo Hondo, 
and have definite incised channels across 
the coastal terrace but end in hanging 
valleys in the shore cliff. In short, the 
depth of the valleys at the shore seems to 
be nicely adjusted to the length of the 
streams. Only the larger creeks were able 
to degrade their valleys appreciably be- 
low sea-level at the present shore during 
the inferred interval of lowered sea-level 
discussed in another paper (Upson, 
1949). 

Essentially all these creeks have sharp- 
ly V-shaped valleys when viewed in cross 
section; only a few traces of stream ter- 
races and benches occur, and those only 
in the larger canyons. 


GEOLOGY 
GENERAL GEOLOGY OF THE AREA 


The geology of the Gaviota Quadran- 
gle has been mapped by numerous oil- 
company geologists, but most of the in- 
formation is unavailable. However, Mr. 
T. W. Dibblee; Jr., made available 
his map of the Gaviota Quadrangle, now 
published (1951), with others, by the 
California Division of Mines. The Gavio- 
ta Quadrangle and adjoining parts of the 
Los Olivos Quadrangle are underlain 
chiefly by gently to steeply dipping sedi- 
mentary rocks whose age ranges from 
Eocene to Middle Miocene. The beds 
generally dip steeply southward but are 
locally folded and faulted. Most of the 
marine terraces here described were de- 
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veloped on the soft mudstone of the Rin- 
con shale and on the Monterey forma- 
tion, which consists of relatively soft 
mudstone and diatomite and some hard 
siliceous shale. Some of the higher ter- 
races, now represented by a few hill sum- 
mits, were eroded across sandstone beds 
in the Lower Miocene and older forma- 
tions that compose the flanks and crest 
of the Santa Ynez Mountains. 


LOWER PLEISTOCENE (?) DEPOSITS 


Beneath the low marine terraces, in 
the point at the mouth of Canada del 
Capitan (fig. 2) and extending for about 
3 mile west of Capitan Creek, a body of 
soft, loose, buff-colored sand rests un- 
conformably on siliceous shale and mud- 
stone of the Monterey shale. In some 
exposures this sand merges upward with 
overlying alluvial terrace deposits, but 
at the east side of Capitan Point it ap- 
pears to be truncated by coarse basal 
gravel of the deposits on the main terrace 
there. The field relations do not con- 
clusively show that the deposits are 
unconformable beneath the marine- 
terrace platforms. They may have been 
deposited in a local depression during 
a relative rise of the sea within the 
epoch of terrace formation. However, 
similar deposits do not occur at other 
canyon mouths, and it is_ believed 
that these were deposited during a 
period prior to the terrace formation 
and were preserved because they occur 
in a local syncline of the underlying for- 
mations. The sand is lithologically very 
similar to the Santa Barbara formation 
(Upson and others, 1947, pp. 52-57), con- 
sidered by Woodring (Woodring and 
others, 1940, pp. 110-111) to be of Lower 
Pleistocene age as exposed near Santa 
Barbara, and may be a western extension 
of that formation not hitherto reported 
or may represent a younger formation. 


. 
| 


FORMER MARINE SHORE LINES OF THE GAVIOTA QUADRANGLE 


In several exposures west of Capitan 
Point the sand contains marine shells. 
Collections of these were made from 
three localities, and the fossils were very 
kindly identified by W. P. Woodring.’ 
The localities and the fossils from each 
are indicated below. 

MT 23, 6-36.—Massive, yellow-bufl, 
uniform sand, exposed in gully above 
beach head, 0.3 mile west of Capitan 
Creek Point. Thought to be Lower Pleis- 
tocene(?). The following fossils were 
found: Saccella taphria (Dall), Leptopec- 
ten latiauritus (Conrad), Lucinisca nuttal- 
lit (Conrad), Parvilucina tenuisculpta 
(Carpenter), Macoma nasuta (Conrad), 
M. indentata Carpenter, elongate form, 
Protothaca staminea (Conrad), young. 

MT23d1, 6-37.—Gravel bed in Lower 
Pleistocene(?) sand, exposed in sea cliff, 
0.5 mile west of Capitan Creek Point. 
Believed to be unconformably beneath 
deposits on marine terrace. The following 
fossils are represented: “‘Nassa”’ fossata 
(Gould), “NN.” mendica (Gould), “N.” 
mendica cooperi Forbes, Mitrella carinata 
(Hinds), Olivella biplicata (Sowerby), 
M ylilus californianus (Conrad), Tellina 
bodegensis Hinds, Schizothaerus nuttallii 
(Conrad), Saxidomus nutalli Conrad, 
Protothaca staminea (Conrad), Cerasto- 
derma nutiallii (Conrad)?, young, cor- 
roded. 

MT 23d2, 6-37.—Cemented gravel bed 
in Lower Pleistocene(?) sand, exposed in 
sea cliff, o.5 mile west of Capitan Creek 
Point. First gully east of locality 23d1. 
The following fossils are found here: 
Tittium quadrifilatum Carpenter(?), Cre- 
pidula adunca Sowerby, ““Nassa’’ fossata 
(Gould), “N.’’ mendica cooperi Forbes, 
Mitrella carinata (Hinds), Olivella bipli- 
cata (Sowerby), Leplopecten latiaurilus 
(Conrad). 

Referring to these localities and also 


2 Personal communication, June 14, 1944. 
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to fossils at two other localities known 
to be on marine-terrace platforms (pp. 
430 and 433), Woodring reports: 

Age differentiation within the Pleistocene is 
impossible on the basis of these fossils. Such dif- 
ferentiation of California marine Pleistocene 
mollusks, however, is possible only at a few fa- 
vorable localities, where large faunas have been 
found. 

The collection from locality MT 23 repre- 
sents a depth facies estimated to be about 10 
fathoms or a little less. Incomplete published 
lists from the Santa Barbara formation at the 
type locality do not include any of the species 
in this collection and the collection does not in- 
clude any of the moderate depth or extinct spe- 
cies characteristic of the Santa Barbara forma- 
tion. The collection, however, includes only 
seven species. They occur in early and late 
Pleistocene deposits in the San Pedro district 
and are Recent species. 

The other four collections represent a shal- 
low-water facies indicating a depth from how- 
tide line to a few fathoms, probably a mixed 
association. One of the species, Mytilus califor- 
nianus, is intertidal. The species in these col- 
lections are still living, and are early and late 
Pleistocene fossils in the San Pedro district, with 
the exceptions that Mytilus californianus has 
not been found in the late Pleistocene and 
Platyodon cancellatus not in the early Pleisto- 
cene. 


Thus the fossils do not demonstrate an 
early and even middle Pleistocene age 
for the deposits at localities 23, 23d1, and 
23d2. At the same time, they do not pre- 
clude the possibility. It may be signifi- 
cant that Mytilus californianus has not 
been found in the late Pleistocene, al- 
though worn fragments in the collection 
from the platform of the 60-foot shore 
line (p. 430) were identified as possibly 
M. californianus Conrad. 


TERRACE DEPOSITS 


Overlying the deformed Tertiary for- 
mations near the coast are bodies of ma- 
rine and continental deposits that under- 
lie the coastal terrace and overlie marine- 
terrace platforms. These deposits are of 
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two sorts: thin layers of fossiliferous ma- 
rine sand and gravel that rest directly on 
the wave-cut platforms and relatively 
thick bodies of continental alluvial de- 
posits that overlie the marine beds and 
form the upper surface of the coastal 
terrace. 

The marine beds are ordinarily 1-2 
feet thick and at places contain fossil 
shells of marine mollusks and gastro- 
pods. Some of the boulders and at places 
the underlying bedrock have the typical 
elliptical depressions bored by pholads— 
in fact, at some places the shells can still 
be seen in the holes. The gravel contains 
rounded and angular fragments of all 
sizes. Near the mouths of the stream can- 
yons the cobbles and boulders are several 
inches to a foot or more across, are 
rounded, and are composed mainly of 
sandstone, with some quartzite, jasper, 
volcanic rocks, and other types, doubtless 
derived from the Tejon and Sespe forma- 
tions exposed in the Santa Ynez Moun- 
tains and foreign to the Monterey and 
Rincon shales that underlie the eroded 
platforms everywhere in this area. Away 
from the stream canyons the gravel con- 
tains an appreciable percentage (locally 
nearly 100 per cent) of more angular frag- 
ments of the immediately underlying 
bedrock. 

Overlying the thin veneers of marine 
deposits are continental alluvial deposits, 
commonly 20~30 feet thick but locally 
considerably thicker. The distribution of 
these deposits is shown on the map (fig. 
2). The greatest observed thickness at 
any one place is about 60 feet in the area 
east of Capitan Creek. The lithologic 
character of the deposits varies consider- 
ably from place to place. Everywhere 
they exhibit the poor sorting and lenticu- 
lar arrangement of indistinct beds that 
are characteristic of alluvial-fan deposits. 
The grain size and lithology of large frag- 


ments in the gravel zones vary greatly 
within short distances. Near the mouths 
of the large stream canyons the deposits 
contain all sizes of material from clay up 
to huge, rounded boulders several feet in 
diameter. These boulders are composed 
of the reddish-yellow sandstone that 
constitutes the conspicuous massive beds 
in the upper sandstone formation of the 
Eocene of the Santa Ynez Mountains— 
the Sacate formation.’ 

These sandstone-boulder beds finger 
out within a few hundred feet on either 
side of the canyons, and in the intercan- 
yon areas the deposits have thin, discon- 
tinuous beds and stringers of gravel, of 
which the fragments consist entirely of 
more or less angular pieces of the for- 
mations exposed in the immediately ad- 
jacent part of the foothill front. At most 
places this is the Monterey shale. Where 
the beds rest on the Rincon shale, the 
fragments consist almost solely of angu- 
lar pieces of the limy concretions that are 
typical of the Rincon. The shale frag- 
ments are not preserved except within a 
foot or two of the bedrock. The terrace 
deposits are predominantly clayey and 
silty in the intercanyon areas, where 
Rincon shale and Monterey mudstone 
constitute the bedrock. 

In two small areas the terrace deposits 
are predominantly sandy: at the very 
eastern border of the area, east of the 
valley of Las Yeguas Creek, and near the 
western edge of the quadrangle, east of 
the valley of Gaviota Creek. At each 
of these places the deposits are uni- 
form, loose, medium-grained sand, local- 
ly cross-bedded and probably derived 
largely from the beach of the time, blown 
up by the wind. In the western of the two 


3 This formation is locally known as the ‘‘Cold- 
water sandstone” but has lately been named the 
‘‘Sacate formation” by Dibblee (1951) because the 
name ‘“‘Coldwater” is pre-empted for shale of 
Mississippian age in Michigan. 
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areas, the deposits are sandy for a dis- 
tance of about 2 miles cast of Gaviota 
Creek—almost as far as Canada San 
Onofre. Local meteorological conditions 
today create frequent and strong wester- 
ly winds across the mouth of Gaviota 
Canyon. The creek brings down consid- 
erable sand, and the sandy beach is fairly 
wide and broad across the canyon mouth. 
Even on the present sea cliff, which is 
steep, pockets of windblown sand occur 
20 or 30 feet above the beach. During 
the time the alluvial terrace deposits 
were being laid down, there was no such 
barrier as the present sea cliff, which 
probably accounts for the eastward ex- 
tent of the sandy terrace deposits. 


ALLUVIUM 


The youngest deposits of the area are 
the alluvial tongues in the present stream 
canyons. Little is known of their charac- 


teristics. But they are nearly everywhere 
dissected and benched by the streams 
near the coast. From a few exposures 
they appear to be a poorly sorted ag- 
glomeration of clay, silt, sand, and grav- 
el, locally containing large, rounded boul- 
ders; either crudely stratified or not at 
all. They are at least 5 feet thick every- 
where; and alluvial tongues in the larger 
streams are several tens of feet thick. 
For example, an old water well, drilled in 
the lower part of Tajiguas Creek about 
0.12 mile upstream from the highway 
crossing and at an altitude of about 15 
feet, penetrated 70 feet of alluvial ma- 
terial, encountering shale at a depth of 
70 feet, or at about 55 feet below sea-lev- 
el. Moreover, a well supplies water to the 
County Park at the mouth of Gaviota 
Canyon. The depth of this well was not 
determined, but it must be at least a 
few tens of feet deep. The deposits there- 
fore extend some distance below sea- 
level. It is believed that the maximum 
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thickness of alluvium in the lower part of 
Gaviota Creek is at least as much as in 
Tajiguas Creek and might be as much as 
100 feet. 


FORMER MARINE SHORE LINES 
GENERAL STATEMENT 


Numerous exposures in the sea cliff, 
railroad, and highway cuts and occasion- 
ally in the valley walls reveal the pres- 
ence of wave-cut platforms beneath the 
alluvial cover of the coastal terrace. 
Gently sloping surfaces truncate the 
edges of the upturned older formations, 
demonstrating that they are surfaces of 
erosion. Their marine character is proved 
by the capping veneer of fossiliferous 
sand and gravel containing shells and by 
the presence of pholad borings in the up- 
per few inches of the bedrock and in the 
boulders of the gravel. These occur chief- 
ly at altitudes of less than 200 feet. Also 
numerous benches, nearly level parts of 
ridge crests, and hill and ridge summits 
occur at several seemingly accordant ele- 
vations on the front and summit portions 
of the foothill area. These occur at alti- 
tudes ranging from about 200 feet to 
more than 1,000 feet. Nearly all these 
have no cover of terrace deposits or rem- 
nants of scattered boulders or fossil 
shells. That they represent erosional lev- 
els is suggested by their accordance of 
elevation and the fact that, as restored, 
they truncate the upturned edges of de- 
formed Tertiary formations. 

The former shore lines of the Gaviota 
Quadrangle fall into two groups: (1) the 
lower platforms below 200 feet, for which 
it is possible to determine more or less 
closely the altitude of the shore line ap- 
propriate to each platform, and (2) the 
higher benches and accordant summits, 
for which the appropriate shore lines are, 
mostly not clearly recognizable on the 
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ground and whose altitudes are approxi- 
mated by reference to the topographic 
map. 


SHORE LINES BELOW 200 FEET 
TERMINOLOGY AND ALTITUDE DETERMINATION 


This paper is concerned with the rec- 
ognition and determination of altitude 
of the shore line appropriate to each 
wave-cut platform. The writer uses the 
term “‘shore line’’ (two words) to denote 
the position of the shoreline (one word) 
in the Johnsonian sense (1919, pp. 160- 
161) when the water line is at mean sea- 
level. Johnson’s terms are too detailed 
for the present study, as they seem to 
have no place for designating the position 
of mean sea-level, which is the important 
point here, against the shore. The term 
‘“‘mean sea-level shoreline” could be em- 
ployed but it is quite cumbersome, and 
the term “‘shore line’ has been success- 
fully used by both Stearns and Cooke in 
referring to former positions of sea-level. 

The measured altitude of recognizable 
platforms at different places within the 
Gaviota Quadrangle ranges from about 
23 feet to 178 feet above sea-level. De- 
termination of altitude alone of the cut 
platforms at the sea cliff, or at other 
places, gives no specific indication of the 
position of sea-level for a particular plat- 
form, because the platforms slope sea- 
ward and the altitude is in part a func- 
tion of the distance from the maximum 
shore line for the particular platform. 
For a platform that may have been de- 
veloped by a rising sea, the discrepancy 
by reason of slope may be greater. Nev- 
ertheless, the altitudes at the sea cliff 
give a rough indication of the presence of 
more than one platform. For example, in 
figure 2, between Refugio Canyon and 
Canada del Venadito, the platform at the 
shore is at 23-34 feet above sea-level. 


From Refugio Canyon west to Arroyo 
(Quemado it is between heights of 37 and 
48 feet; and from Arroyo Hondo west- 
ward to the edge of the quadrangle, near- 
ly everywhere the platform at the cliff is 
at heights of 64 to about go feet above 
sea-level. Thu: there would be suggested 
from these measurements at least three 
former shore lines at different heights 
above sea-level. And, indeed, this is the 
case. If the different altitudes represent 
a single, sloping, marine terrace and if 
the terrace is not warped, the lowest alti- 
tudes should be at places where the plat- 
form is widest. Figure 2 indicates no ob- 
vious correlation between terrace width 
and height of platform at the cliff; and 
it is believed in the light of additional 
evidence that warping here plays essen- 
tially no role. 

The best evidence for the determina- 
tion of shore lines is an actual exposure 
of some recognizable shore feature, such 
as a wave-cut notch or the base of a sea 
cliff, for which Davis (1933, p. 1063) used 
the term “shoreline angle’’; or, failing 
that, some locality where exposures of 
the buried sea cliff and the platform of 
the same sea occur in such a way that the 
presence of a concealed shore-line angle 
can be inferred, and its altitude can be 
fixed between fairly narrow limits. Evi- 
dence of these kinds has allowed the 
identification of shove lines at about 60, 
about go, and about 125 feet above mean 
sea-level beneath the alluvial cover of the 
coastal terrace. In addition, breaks in 
slope of the terrace cover at some locali- 
ties between canyons strongly suggest 
the presence of buried breaks in slope of 
the underlying bedrock surface; and 
these are correlated with the better-fixed 
angles as exposed in near-by highway and 
railroad cuts and in the canyon walls. 
There is also evidence of a platform at an 
altitude above 178 feet. The correspond- 
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ing shoreline is thought to be at 180-200 
feet. Finally, along the present sea cliff 
is considerable evidence in notches, nips, 
small cliffs, and narrow platform rem- 
nants for shore lines at about 25 feet and 
about 5 feet above present sea-level. 

In this work the altitude of a platform 
or shore feature was determined by hand- 
leveling with a Brunton compass. Most 
determinations were made from the esti- 
mated position of the last high tide on 
the beach, but a few were made from 
near-by bench marks of the U.S. Coast 
and Geodetic Survey. The determina- 
tions from the immediately preceding 
high-tide mark on the beach were later 
corrected by addition of a small amount 
to make the reference mean sea-level in 
the manner described below. 

The Southwestern District Headquar- 
ters of the U.S. Coast and Geodetic Sur- 
vey reported‘ that the datum of the tides 
as given in the Santa Barbara News-Press 
is mean lower low water and that that 
datum is 2.52 feet below the plane of 
mean sea-level. The high tide immediate- 
ly preceding the time of measurement 
was obtained from the daily report in the 
Santa Barbara News-Press and was re- 
ferred to mean sea-level by subtracting 
the rounded-off difference of 2.5. The 
measured altitudes were corrected by 
adding the difference between high tide 
and mean sea-level. Because the deter- 
mination of the high-tide mark on the 
beach is subject to some error and prob- 
ably is ordinarily placed too high because 
of the upwash on the beach, the correc- 
tion figure was in most cases rounded up- 
ward to the nearest full foot. It is be- 
lieved that this procedure, in conjunc- 
tion with the process of hand-leveling, 
gave altitudes that are correct to within 

4Personal communication from Daniel E. 
Whelan, Jr., Lt. Comm. U.S. Coast and Geodetic 
Survey, Acting Supervisor, April 27, 1949. 
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about 5 feet, for vertical ranges up to , 
about 150 feet. 


EVIDENCE FOR A SHORE LINE AT ABOUT 5 FEET 


On nearly all rocky points along the shore . 
and at numerous other places where the beach 
is backed by cliffs of resistant rock are notches 
and remnants of benches that truncate the bed- 
rock at heights of from 3 to about 8 feet above 
the present beach head and ordinarily 5 to 10 
feet above approximate mean sea-level. Also, in 
the larger stream valleys which have an ap- 
preciable alluvial fill at the mouth, the fill is 
everywhere dissected by the stream to a depth 
of 5-10 feet, suggesting that there has been a 
recent lowering of stream grades by that 
amount. These features are believed to repre- 
sent a stand of the sea relative to the land at 
about 5 feet above present sea-level. 

At many rocky points, such as at the mouth 
of Refugio Canyon, Gaviota Canyon, and oth- 
ers, are remnants of sloping benches whose up- 
per surfaces, cut on resistant rock, lie 4~—7 feet 
above the present beach. They slope upward to 
more or less distinct nips, or cliff bases, and are 
at 3-6 feet above ordinary high tide. Plate 1, C, 
shows two points on the sea cliff just west of the 
mouth of Canada del Corral. The low spur off 
the first cliff and just above the beach is a re- 
sistant bed whose top is beveled at a level about 
4 feet above the beach. It rises shoreward paral- 
lel to the beach and ends at the cliff in a rather 
distinct shore-line angle. Corresponding features 
occur on the next ridge in the distance. The low 
ridge along the beach is being worn away and 
undercut by the action of the sand at the level 
of the present beach. Similar features are ob- 
served at the point immediately east of Canada 
Omentero, just east of the base of the Alcatraz 
landing pier. Here, however, the remnants of 
the bench slope more steeply and rise to a cliff 
base at about 8 feet above high tide. 

At a few places well-preserved notches are 
seen. One such place is at the mouth of Refugio 
Creek (pl. 1, B). This view, taken at nearly high 
tide, shows the sloping platform remnant and 
well-defined notch whose base is about 3 feet 
above the high-tide water level. The notch can 
be traced a short distance west along the coast, 
where it rises to as much as about 8 feet above 
high tide—the rise apparently controlled by 
excavation of weak beds in the steeply dipping 
formation. Another well-defined notch occurs in 
the extreme eastern part of the area on a body 
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of resistant rock that crops out along the beach 
east of the mouth of Canada del Capitan. 

Somewhat more extensive bench remnants, 
as much as 30~-100 feet long and 10-20 feet wide, 
occur at a few places. One of these is west of the 
mouth of Gaviota Creek, where a weil-defined 
platform about 20 feet wide extends for a con- 
siderable distance west of the creek mouth and 
lies nearly level at 5-6 feet above the beach. A 
good photograph of part of this platform is 
plate 18, B, of U.S. Geological Survey Profes- 
sional Paper 212 (Bramlette, 1946). Immediate- 
ly west of the mouth of an unnamed canyon 
about 0.6 mile west of Arroyo Hondo, a remnant 
of a cut platform 20-30 feet wide and standing 
about 7 feet above the beach extends along the 
base of the sea cliff for several hundred feet 
(pl. 1, B). 

In addition to these erosional features, cer- 
tain depositional features in some of the can- 
yons support the idea of a slightly higher base 
level within relatively recent time. Perhaps the 
best evidence is in the seaward end of Canada 
del Capitan. Here the alluvial fill forms a fairly 
broad valley plain, which extends out beyond 
the actual limits of the canyon walls. It has 
formed a point whose upper surface immediately 
back of the bouldery beach stands at about 8 
feet above high tide and makes a clearly defined 
terrace. This terrace supports a cultivated field 
on which crops are grown and near whose shore- 
ward margin stands a house which is occupied 
and has been occupied for a number of years. 
The indications, then, are that the sea, even 
during storms, does not inundate this field. 
Moreover, the creek at present has trenched its 
course about 5 feet below the surface of the al- 
luvial fill. Thus it is suggested that the fill was 
deposited when the creek was graded to a slight- 
ly higher stand of the sea than the present. The 
higher stand must have been less than 1o feet 
above the present level. 

A similar field occurs at the mouth of Re- 
fugio Canyon, situated on alluvial fill in the 
bight of the canyon mouth. This fill is about 3 
feet above high tide, is trenched by the present 
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creek about 2-3 feet, and is separated from the 
beach by a beach ridge composed of sand with 
some cobbles and boulders. This beach ridge is 
believed to be fairly old because good-sized 
palm trees are growing over a distance of about 
100 yards from the west valley wall. Sand is evi- 
dently blown into the seaward end of the field 
in times of storm, but it is believed that the field 
is not inundated by the present sea, even during 
storms. Thus it, too, may represent a stand of 
the sea a few feet higher than the present level. 

In the lower parts and across the mouths of 
a number of the smaller canyons farther west of 
Refugio Canyon, the alluvial fill has been de- 
posited to levels 10-20 feet above sea-level. 
These deposits are now dissected by the present 
streams flowing to positions of base level about 
at boulder piles at the head of the present beach. 
For example, in the mouth of Canada de Molino 
the alluvial fill south of the railroad track is 
composed of coarse gravel, whose top is about 
19 feet above sea-level a short distance back 
from the beach. It is now incised by the creek 
10-15 feet. It is believed that this fill was de- 
posited at a sea-level somewhat higher than the 
present and less than 15 feet. 

Thus there is considerable evidence pointing 
to a former position of sea-level about 5 feet 
above the present. Conceivably the erosional 
features here described might be formed by 
storm waves of the present sea, which was the 
conclusion of Johnson (1933) for certain benches 
up to 2 meters above the level of ordinary high 
tides. In regard to shore benches at 5-6 feet 
above sea-level on the Hawaiian Islands, Stearns 
discussed the problem (1935) and arrived some- 
what doubtfully at the conclusion that certain 
benches a few feet above sea-level may have 
been cut by a stand of the sea at 2-4 feet higher 
than the present. In later publications (1941, 
Pp. 779) he summarizes evidence that some 
benches a few feet above sea-level on many Pa- 
cific islands were cut by a 5-foot stand of the 
sea. 
The evidence here discussed is not conclusive, 
as the benches were not observed during storms 


PLATE 1 


A, Remnant of platform near mouth of smal! creek west of Arroyo Hondo. Shore-line angle is about 7 feet 
above head of beach. 


B, Notch at west side méuth of Refugio Canyon. 
C, Twin points on sea cliff west of Canada del Corral. 
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and not all at high tide. However, many of the 
benches and notches are clearly above ordinary 
high tide. Remnants of the rocks composing the 
features are now being undercut at the present 
beach level. The height of the alluvial plains 
above sea-level in the lower parts of Refugio 
Canyon and Canada del Capitan may be due 
simply to lateral encroachment of the sea at the 
present level against the gently sloping deposits; 
but the apparent lack of inundation of the field 
at the mouth of Canada del Capitan suggests 
that present storm waves are not developing the 
terraces as erosional forms. Finally, the erosion- 
al features seem to occur only on relatively hard 
rocks, which suggests that they are older forms 
preserved because of the rock resistance. All 
these indications lead the writer to believe that 
the features described were made in conjunc- 
tion with a relative stand of the sea about 5 feet 
above present level. 


EVIDENCE FOR A SHORELINE AT 
ABOUT 25 FEET 


The evidence for a shoreline at about 25 feet 
above sea-level consists of both erosional and 
depositional forms. East of Refugio Canyon the 
sea cliff is very low for a distance of about 0.3 
mile, and the platform, which truncates non- 
resistant beds of mudstone in the Monterey for- 
mation, is at a height of 20-23 feet above high 
tide, or about 22-25 feet above mean sea-level. 
At the eastern end of this reach and at the west 
side of a rocky point about 0.5 mile east of the 
mouth of Refugio Canyon, a shore-line angle at 
the base of a low cliff above this platform 
emerges in the present sea cliff. The alluvial fill 
of the low platform lies against this cliff, whose 
base is about 26 feet above mean sea-level. 
The cliff rises 5-10 feet and then levels off where 
the rocks composing it are truncated by the 
platform of the next higher terrace. The shore 
line at this level apparently swings landward 
toward the west beneath the alluvial cover for 
a short distance; and then, based on heights of 
the present cliff, emerges again about 0.3 mile 
farther west. However, the actual point of 
emergence is apparently concealed. 

Small remnants of platforms at a few other 
localities may represent this level. For example, 
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in the mouth of Canada del Venadito, south of 
the railroad grade and between projecting spurs 
of a higher platform, is a small body of marine 
and continental alluvium resting on an eroded 
bedrock platform. This platform has an altitude 
of about 25 feet above mean sea-level at the 
cliff. 

Many hanging valleys of small creeks, which 
issue in the face of the present sea cliff where it 
rises to the 60-foot platform, have the outer 
hanging point of their floors between 27 and 
about 32 feet above mean sea-level. The small 
creek about 0.5 mile east of Tajiguas Canyon 
issues in a hanging valley in the sea cliff below 
a marine platform whose altitude is about 43 
feet above sea-level. The lower portion of the 
creek bed slopes seaward, supported by a resist- 
ant layer of shale, to a fall about 50 feet back 
from the beach. The lip of the fall is about 32 
feet above sea-level, and, projected below the 
fall, the creek grade appears to correspond to a 
narrow remnant of a shelf on the sea cliff at an 
altitude of about 25 feet. Also, in the mouth of 
the small gulch about 0.25 mile east of Gaviota 
Station a tributary canyon has a hanging outlet 
at an altitude of about 30 feet above sea-level. 

Other erosional features consist of remnants 
and suggestions of shore-line angles at about 
25 feet above sea-level. The most pronounced 
and clear-cut are on the points shown on plate 
1,C. The twin points are on the cliff sloping 
down from the marine platform at about 48 feet. 
Midway on the cliff the slope is markedly less 
steep and, on the far cliff, forms a fairly well- 
defined notch. The outer edge of this crude shelf 
is at about 26 feet above sea-level. It abruptly 
drops off to the 5-foot bench in the nearly verti- 
cal cliff cut by the 5-foot sea. A fairly well-de- 
fined remnant of a notch at 20-25 feet above 
sea-level also appears in the sea cliff about mid- 
way between Capitan Point and the eastern 
edge of the quadrangle. 

Depositional features which suggest a shore 
line at about 25 feet above present level occur 
in the mouths and lower parts of the larger can- 
yons. At Capitan Point, just within the canyon 
mouth, is a separate low terrace immediately 
west of the creek and above the recent alluvial 
fill. This terrace, shown in figure 2, supports a 


PLATE 2 


A, View of benches east of Canada del Venadito, showing 60-foot and go-foot platforms. 


B, Remnant of platform and cliff of 125-foot sea, } mile west of Gaviota Canyon. 
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cultivated field and is underlain by alluvium 
whose surface is about 26 feet above mean sea- 
level. The alluvium is at least 10 feet thick, but 
its base was not seen, as the bedrock is not ex- 
posed at the beach along the shoreward part of 
this terrace except at the extreme west end. 
Here the alluvial fill abuts against the slope 
down from the next higher terrace. This lower 
terrace represents a base level about 25 feet 
above present creek grade. 

In the sea cliff at the west side of the mouth 
of Tajiguas Creek is an isolated body of coarse 
stream gravel containing sandstone boulders as 
much as 2 feet in diameter. It is 5—10 feet thick 
and has a nearly level base at an altitude of 
about 19 feet above sea-level. The body con- 
tinues east and north around the cliff point and 
is truncated by the side-hill wash on the present 
valley side. 

In the lower parts of the mouths of several 
of the intermediate-sized canyons, such as 
Canada de la Posta and Canada de Molino, al- 
luvial fill has accumulated to heights of from 19 
to about 30 feet above sea-level. A body of 
coarse-grained alluvial fill is exposed at the 
head of the beach across the mouth of Canada 
de la Posta. The surface of this deposit is about 
25-30 feet above sea-level. The deposit is about 
10 feet thick and rests on dipping shale exposed 
in the creek bed a few tens of feet back from the 
beach. The top of this fill corresponds to a nar- 
row bench at about 25 feet above sea-level, cut 
across the sloping shoulder at the west side of 
the valley mouth. Of course, depending on 
climatic conditions, alluvial fill 10, 15, or 20 feet 
thick with a top at about 25 feet above present 
level conceivably could have been deposited in 
the bottoms of all these canyons at a time when 
the sea stood either at the present level, some- 
what lower, or a little higher. However, if the 
sea stood appreciably lower, conditions would 
presumably favor erosion rather than deposi- 
tion. Thus it seems likely that the deposits ac- 
companied either a somewhat higher stand of 
the sea or a sea at the present level. In view of 
the other evidence cited in foregoing and ensuing 
pages for earlier higher relative stands of the 
sea, it is thought that, in these intermediate 
canyons, alluvial deposits up to as much as 30 
feet above sea-level were deposited at a time 
when the sea stood about 25 feet above present 
level and that lower alluvial fills represent sea- 
level at 5 feet. ; 

Except for Canada del Capitan, the larger 
stream canyons have no terraces at levels about 


J. E. UPSON 


25 feet above present sea-level or above stream 
grades. A few patches of alluvial fill do occur on 
the sides of the valley walls a few feet or tens of 
feet above the creek grades in Gato Canyon, 
just east of the Gaviota Quadrangle, and in 
Canada de Molino. These are some distance 
back from the shore and may represent deposi- 
tion during a period of higher stand of the sea. 

Regardless of the dubious quality of the evi- 
dence afforded by the deposits in the present 
valleys, it is believed that the erosional features 
here described adequately represent a shore line 
at approximately 25 feet above the present lev- 
el. The stand of the sea at that level was evi- 
dently of relatively short duration, as sizable 
remnants of its platform occur in only one place, 
where they were formed upon relatively non- 
resistant rocks. The sea at this level did not 
obliterate traces of the next higher, or 60-foot, 
level except very locally, although, if a 42-foot 
platform was present, traces of it-were essentia]- 
ly removed completely within the quadrangle 
(see following paragraph). 


POSSIBLE EVIDENCE FOR A SHORELINE 
AT ABOUT 42 FEET 


At one locality in the Gaviota Quadrangle 
evidence occurs for a stand of the sea at about 
40 feet. In the sea cliff about 0.2 mile east of 
the mouth of Arroyo Hondo, where an old wood- 
en stairway descends from the railroad grade to 
the beach, is a small patch of coarse gravel 
composed mostly of round sandstone boulders 
seemingly “inlaid” in the cliff face. The base of 
the boulders is at about 40 feet above high tide 
or about 42 feet above mean sea-level. The de- 
posit is not a landslide, and its position, inlaid 
in the cliff face, is not such that it could have 
been deposited by a stream. Hence it must 
represent a former beach level. Because the 
cliff below it has been actively eroded by lower 
seas, this gravel is presumably a remnant of a 
more extensive deposit. It is too low to represent 
the 60-foot shoreline and is tentatively consid- 
ered to represent a shoreline at about 42 feet. 


EVIDENCE FOR A SHORE LINE AT 
ABOUT 60 FEET 


From a short distance east of Arroyo Hondo 
nearly to E] Capitan Beach, the wave-cut plat- 
form at the top of the cliff along the shore stands 
at altitudes of about 35-60 feet above sea-level. 
At a few places it is possible to show that this 
platform is associated with shore features of a 
sea at a level about 60 feet above the present. 
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East of Canada del Venadito the platform 
atop the sea cliff is at an altitude of about 43 
feet above sea-level. It rises gently landward 
and is again exposed in the south side of the 
railroad cut immediately to the north beneath 
about 12 feet of alluvial cover. Here it is over- 
lain by a bed of gravel, 2-4 feet thick. At the 
east end this shale is blue and buff mudstone, 
but on the west it is white and diatomaceous. 
The surface of the bedrock is broken and weath- 
ered, and numerous shale fragments, many of 
them with the characteristic elliptical borings 
of pholads, occur in the overlying gravel. The 
altitude of this eroded surface is about 43 feet 
above sea-level near the west end of the railroad 
cut and about 46 feet above sea-level at the east 
end. Immediately to the north on the northern 
side of old U.S. Highway 101, beds of steeply 
dipping diatomaceous shale rise to a level some 
20 or more feet above the railroad tracks and 
are truncated at the top by a wave-cut surface 
nearly level in an east-west direction. This sur- 
face has pholad borings in the upper 1-2 feet of 
rock and is capped by alluvial beds. At the top 
of the exposure and about 150 feet north of the 
railroad tracks, this surface is at about 76 feet 
above sea-level. The two platforms are shown 
in the photograph (pl. 2, A). The lower plat- 
form, covered by alluvium, is to the right 
(south) of the railroad tracks; the higher is im- 
mediately to the left (north) of the highway. 
The alluvium in the railroad cut in the left fore- 
ground is on the platform of the 60-foot sea. 

The rock and deposits between the two plat- 
forms were destroyed by the railroad and high- 
way excavations, but there appears to have been 
a rather abrupt rise from the lower platform to 
the upper, at a minimum slope of about 33 feet 
in 150—considerably steeper than the present 
slope of either platform. Thus there is believed 
to have been a sea cliff and other shore features 
in the now destroyed intervening area. The alti- 
tude of the corresponding shore line must have 
been between 46 feet and 76 feet above present 
sea-level. 

_ Similar features are preserved in the point 
at the west side of Refugio Canyon. The low 
platform, beneath several feet of cover support- 
ing a plowed field, now stands at about 37 feet 
above sea-level at the tip of the point. A short 
distance landward, near the west end of the 
curving railroad cut, is exposed a steep slope 
of shale which passes below the level of the rail- 
road track at an altitude of about 72 feet above 
sea-level. A few hundred feet west of this cut, 
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the nearly level platform at the present cliff is 
about 59 feet above sea-level. Thus ira this vi- 
cinity there must be a concealed shore-line 
angle that would correspond to a sea-level be- 
tween 59 and 72 feet above present level. 

Finally, at the east side of the mouth of Taji- 
guas Canyon, the low wave-cut platform is 
about 48 feet above sea-level at the shore and 
about 51 feet above sea-level in the cut along 
the south side of the railroad tracks. Thence it 
rises somewhat, and immediately north of the 
new highway U.S. 1o1 and about 70 yards east 
of the entrance road to the Tajiguas Ranch 
rounded sandstone boulders rest on the shale at 
an altitude of about 56 feet. A short distance 
farther north, on the north side of the old high- 
way U.S. 101 and immediately east of the en- 
trance gate to Tajiguas Ranch, the shale is 
somewhat higher and is beveled at the top by 
gravel at an altitude of about 70 feet above sea- 
level. The rise from 56 to 70 feet takes place 
in a short distance, and, at the east side of the 
exposure beneath the platform at 70 feet, the 
shale surface appears to slope rather steeply 
down beneath alluvial wash. It is believed that 
a shore line exists here, concealed beneath the 
pavement of the old highway between the plat- 
form remnants at 56 and at 70 feet above sea- 
level. The estimated position of the probable 
change from the platform of the low terrace to 
the cliff rising to the higher one is at about 60 
feet above mean sea-level as approximated by 
hand level from one of the reference marks for 
B. M. Tajiguas, altitude 63 feet above mean sea- 
level, at the west side of the canyon mouth. 

Thus it is believed that much of the lower 
part of the so-called “low marine terrace’’ 
along the Gaviota Quadrangle coast was cut by 
a sea at about 60 feet above present mean sea- 
level. 

Features at a few other places, not in them- 
selves significant, may also represent this sea 
stand. At the mouth of Canada de Molino the 
platform altitude ranges from about 51 to 59 
feet above sea-level; east of Canada San Onofre 
a small stretch of platform is at 42-60 feet 
above sea-level. These may represent the plat- 
form cut by a sea at a stand of about 60 feet, 
but no shore features were discovered. Also 
beveled bedrock with no cover occurs on each 
side of the mouth of Gaviota Canyon at an alti- 
tude of about 61 feet above mean sea-level. 
Both these occurrences may represent the 60- 
foot stand of the sea, or the altitudes may be 
the fortuitous result of stream erosion. 
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The platform of the 60-foot sea is found al- 
most entirely in the area east of Arroyo Hondo, 
where it cuts relatively nonresistant mudstone 
and shale of the lower part of the Monterey 
shale. The broadest part is in a sort of amphi- 
theater-shaped re-entrant immediately east of 
Canada del Corral, where several oil wells are 
situated. The logs of two of these wells, which 
appear to be reliable, report shale at altitudes 
of 51-53 feet above sea-level. Considering the 
low precision of recognition of the base of sur- 
ficial deposits in the average driller’s log, these 
figures agree pretty well with the determination 
of the altitude of the platform at two places 
along the shore near by as 53 and 57 feet. These 
data indicate that the platform is rather level 
for a horizontal distance of nearly 800 feet. East 
of the mouth of Canada del Venadito the plat- 
form is also fairly broad and appears to be nearly 
level for a distance of about 320 feet. These da- 
ta suggest that the platform was cut during a 
period of relative stillstand of the sea. Also the 
time interval involved would seem to be com- 
paratively short, inasmuch as the platform oc- 
curs only on the less resistant rocks. 

Fossils from the platform of the 60-foot shore 
line.—Fossil shells were collected from the de- 
posits on the platform of the 60-foot shore line 
at the north side of the railroad cut immediately 
west of the mouth of Tajiguas Canyon. The 
platform there has an altitude of about 54 feet 
above sea-level. The species identified by W. P. 
Woodring are as follows: 

MT 37, 6-39.—Gravel on wave-cut platform, 
north side of railroad cut, 0.2 mile east of Ta- 
jiguas Station. Altitude about 54 feet above sea- 
level. Species: Mitra idae Melville, corroded, 
Olivella biplicata (Sowerby), Mytilus?, possibly 
M. Californianus Conrad, worn fragments, 
Tellina bodegensis Hinds, Saxidomus nuttalli 
Conrad?, fragments, Protothaca staminea (Con- 
rad), Petricola carditoides (Conrad), Platyodon 
cancellatus (Conrad), Pholadidae penita (Con- 
rad). 


EVIDENCE FOR A SHORE LINE AT 
ABOUT 90 FEET 


From the mouth of Arroyo Hondo westward, 
the sea cliff at the shore rises to heights of from 
54 to 96 feet above sea-level, except for a short 
reach east of Canada San Onofre. Also, from 
the point east of Capitan Creek eastward for 
about ? of a mile, the sea cliff rises to an eroded 
platform at altitudes of from 71 to about 80 feet 
above sea-level. Between Capitan Creek and 
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Arroyo Hondo, platform remnants on sloping 
benches, spurs, and nearly level summits stand 
above the platform of the 60-foot shore line de- 
scribed above. These higher remnants apparent- 
ly belong to a sea that stood at about go feet 
above present level. The beveled bedrock sur- 
face near Gaviota, at an altitude of about 06 
feet, is considered to be a low remnant of a still 
higher platform. 

At the east side of Canada del Venadito the 
platform above the inferred 60-foot platform 
rises very gently toward the mountains to a 
hilltop a few hundred feet to the north. The 
top of the alluvial surface on the hill summit is 
about 88 feet above sea-level. The resident in a 
house there reports that the soil is only 1 or 2 
feet thick above the bedrock. This hill summit 
is separated from the foothill front by a low 
swale, and any shore features were probably re- 
moved in the erosion of the swale. Landward 
extension of the slope of the hill summit would 
place its junction with the foothill front at an 
altitude of only a few feet above 88 feet. A 
clearly defined shore-line angle occurs farther 
east, at the east side of Canada del Corral. The 
wave-cut platform above the 60-foot shore line 
stands at the north side of the old highway at 
an altitude of about 82 feet above sea-level. It 
contains a few pholad-bored boulders in the 
alluvial cover whose upper surface is at about 
107 feet above sea-level. Thence the bench rises 
landward very gently for about 500 feet to an 
altitude of about 125 feet at the base of another 
low terrace. The shore features for this bench lie 
beneath the alluvial cover about at the foot of 
the last-named low terrace at an altitude of be- 
tween 82 and 125 feet above mean sea-level. 
The surface is nearly level, and the altitude at 
the rear of the bedrock platform probably is 
nearer 82 feet than 125 feet. 

East of the mouth of Arroyo Hondo, the alti- 
tude of this inferred shore line is fixed a little 
more closely. Below the railroad track the wave- 
cut platform is exposed along the sea cliff for a 
distance of about } mile, although farther east 
it is largely covered by railroad grade fill. 
Where exposed in the cliff face, the altitude of 
the platform is about 70 feet above sea-level. 
It is covered by typical coarse beach gravel 
about 20 feet thick. At the eastern edge of 
Arroyo Hondo, the bedrock surfaces rise rather 
rapidly to an altitude of about 82 feet beneath 
the east end of the railroad trestle and thence 
rise very steeply in an artificial cut along the 
north side of the railroad track to a height of 10 
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or 20 feet above the tracks. The altitude of the 
tracks is about go feet. The rock exposures along 
the track are entirely artificial, having been ex- 
cavated in the construction of the railroad, but 
undisturbed bedrock occurs at an altitude of 
about 100 feet along the north side of the tracks. 
Thus the shore line lay above 82 feet and some- 
what below 1oo feet. Farther east, about 0.25 
mile east of the Arroyo Hondo valley wall and 
about 200 yards east of railroad signal 3438, on 
the north side of the tracks, a body of compact, 
indurated gravel composed of rounded sand- 
stone boulders in a clayey matrix is exposed be- 
neath the alluvial wash. Embedded in this de- 
posit is one large boulder of Monterey shale 
that has pholad borings. The gravel is poorly 
sorted and resembles beach gravel. The altitude 
of the pholad-bored boulder is about 93 feet 
above sea-level. It is believed that at this place 
the shore line, corresponding to the platform ex- 
posed a little farther west below the railroad 
tracks, emerges from beneath the railroad grade. 
Opposite the outcrop of gravel a few other pho- 
lad-bored boulders were seen in the railroad 
ballast. About 30 yards father east, in a tiny 
gully, the alluvial wash covers a narrow, nearly 
level bedrock bench at an altitude of about 85 
feet above sea-level. Still farther east the tracks 
are lower, and the shore features apparently 
once lay above the site of the tracks and were 
removed in the railroad excavation. At about 
0.6 mile east of the east valley wall of Arroyo 
Hondo, in a tiny gully above the railroad tracks, 
is exposed what appears to be a few feet of near- 
ly flat platform tread at the foot of a steep slope 
of shale, against which lies reddish alluvial 
wash. The altitude of the tread is about 82 feet 
above sea-level and might represent part of 
the platform of a go-foot sea. However, no 
fossils or borings that would demonstrate a ma- 
rine origin were noted; and the remnant is only 
a few feet across and may not represent a shore 
feature. In general, however, it is believed that 
the features described along the railroad track 
east of Arroyo Hondo indicate the existence of 
a former shore line at an altitude of around 90 
feet. 

Evidence of an old sea cliff with a base at 
around these altitudes was searched for in vain 
in the vicinity of Gaviota at altitudes a little be- 
low the bench mark TANK at 96 feet. The bench 
mark is on bedrock which must be close to the 
altitude of an eroded platform of some kind, be- 
cause there is a veneer of undistrubed cover on 
it along the north side of the railroad tracks. A 
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few inches or a foot was apparently peeled off 
in constructing the railroad, and evidence of 
marine action may have been destroyed. How- 
ever, there is no indication of pholad borings or 
other fossils for several hundred feet on either 
side of this bench mark. And it is thought that 
the bedrock platform here is a remnant of a 
higher marine platform possibly modified by 
aubaerial erosion. 

Clear-cut evidence occurs near the west 
edge of the quadrangle in the railroad cut at the 
east side of the large gulch about 4 mile west of 
Gaviota Canyon. Below the 125-foot platform 
shown in the photograph (pl. 2, B) the bedrock 
surface slopes steeply beneath the alluvial 
cover to some point below the railroad track. 
The altitude of the lowest exposed part of this 
cliff is about 109 feet above sea-level. Immedi- 
ately to the south the marine platform is ex- 
posed in the sea cliff at an altitude of about 76 
feet above sea-level. South of the railroad tracks 
and in the east wall of the small canyon visible 
in the left background of the photograph, the 
shale rises gently landward from the sea cliff 
to a poor exposure of what may be a shore-line 
angle at about 87 feet above sea-level. Thus 
there is clear evidence for a shore line at least 
between 76 and 109 feet above sea-level, and 
possibly between 87 and 109 feet above. 

Shore features may actually be exposed at 
two other localities. The first is at the upper 
margin of the east wall of Gaviota Canyon a 
short distance below the highway curve, where 
an old wagon road drops into the canyon. Here 
is an exposure of numerous pholad-bored sand- 
stone boulders resting on truncated beds of shale 
at an altitude not closely determined, but be- 
tween 86 and g1 feet above sea-level. This ex- 
posure is near the head of the platform which 
rises gently up from the sea cliff, where its alti- 
tude is about 69 feet above sea-level. Immedi- 
ately landward of the exposure the shale rises 
rather abruptly to an altitude of about 121 feet 
on a knoll just southwest of twin power poles. 
The accumulation of pholad-bored boulders 
probably represents a shore-line angle at close 
to go feet above sea-level. The second locality 
is at the western end of the long, curving high- 
way cut on the west side of Refugio Canyon. 
Here a faint nip in the shale of the hillside is ex- 
posed beneath the alluvial wash at an altitude 
of about 92 feet above sea-level. 

All these shore-line features, which occur at 
altitudes ranging from 76 to 92 feet above sea- 
level, are considered to represent an old shore 
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line formed when the sea stood at about go feet 
above present level. 

Remnants of the platform corresponding to 
the 90-foot shore line are broader and more ex- 
tensive than those of the other shore lines dis- 
cussed and occur along the entire coast of the 
quadrangle. There is some suggestion that the 
platform is shorter and steeper where it was cut 
on resistant rocks than where it was formed on 
relatively nonresistant rocks. For example, in 
the point on the east side of Capitan Creek, 
the platform is cut on loose silty sand, possibly 
Lower Pleistocene in age. It rises from about 71 
to about 80 feet above sea-level, a total of about 
o feet, in a distance of about 1,000 feet measured 
at approximate right angles to the old shore. At 
the east side of Arroyo Hondo the platform on 
fairly resistant beds of diatomaceous and sili- 
ceous Monterey shale rises from about 70 feet 
above sea-level to 82 feet beneath the railroad 
tracks in a distance normal to the old shore of 
100-200 feet. These data are recorded because 
it is thought that information on the relative 
slopes of platforms on different classes of rocks 
may one day aid in distinguishing platforms cut 
by rising seas and platforms cut by stationary 
seas. A wave-cut platform of an interglacial sea, 
which presumably would be a rising sea, should 
have a steeper slope than a wave-cut platform 
cut by a stationary sea, provided that rock re- 
sistance, fetch of the waves, and character of 
abrading material are the same in each case. 

Possible shore lines between go and 125 feet.— 
In the railroad cut just beyond the third of three 
small adjacent gulches that scar the foothill 
front and in the gulch itself—all about 1 mile 
west of Gaviota Canyon—is some evidence of 
shore-line angles at about 108 and 112 feet above 
sea-level. In the railroad cut are exposed two 
clearly defined, but narrow, benches that break 
the general eastward slope of the bedrock. The 
treads of these benches extend roughly normal 
to the railroad tracks. The inner margin of the 
upper tread is at about 112 feet above sea-level, 
whence it descends eastward at an accelerated 
slope over a distance of a few tens of feet to a 
lower tread at about 1 foot below the level of the 
railroad track and at an altitude of about 108 
feet above sea-level. No fossil shells or evidence 
of pholad borings were observed on these treads. 
In the east wall of the gulch immediately east of 
this locality, a rather poorly exposed notch in 
a steeply sloping shale front is at about 108 feet 
above sea-level. One pholad-bored hole in bed- 
rock at an altitude of about 100 feet was dis- 
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covered in this exposure. The treads exposed in 
the railroad cut may be wave-cut, but no fossils 
were found. However, the remnants preserved 
may be too narrow to have included the part of 
the tread below high-tide level in which fossils 
would be most abundant. On the other hand, 
they may be simply benches cut along the gulch 
wall as the stream cut down from the higher to 
the go-foot level. 

Also, at the east side of the unnamed canyon 
about 0.6 mile west of Arroyo Hondo, in an ex- 
posure along the highway fence on the south 
side of the old highway, is a small exposure of 
gravel which contains a large fragment of a clam 
shelland one pholad-bored boulder of sandstone. 
The altitude of this exposure is about 102 feet 
above sea-level; and shale crops out on the 
north side of the old highway nearly opposite 
the exposure. If the gravel is in place on a plat- 
form, it must be related to a shore line at a little 
above 102 feet. 

These features suggest that there may have 
been shore lines at altitudes intermediate be- 
tween go and 125 feet. However, the evidence 
is scanty, and the features do not seem to be as- 
sociated with clearly defined wave-cut plat- 
forms. Accordingly, shore lines at these altitudes 
are not postulated. 

Stream terraces associated with the go-fooi 
shore line—In some of the larger stream can- 
yons there are remnants of terraces on the bed- 
rock walls which appear to correspond to 
the go-foot shore line here discussed. At the 
east side of Refugio Canyon in the highway 
cuts, the platform of the 9o-foot sea is ex- 
posed at about 78 feet above sea-level. About 
150 yards north along the east valley wall 
of the canyon is a remnant of a stream terrace 
in the form of a slightly rounded hill summit 
separated from the main wall of the valley by 
a curving depression, evidently a curving stream 
channel—possibly an incised meander bend. 
The top of the rounded summit is about 95 feet 
above the present grade of Refugio Creek, and 
the bottom of the channel behind it is about 10 
feet lower. In Tajiguas Canyon, beginning about 
0.35 mile up from the canyon mouth on the east 
side, is a remnant of a stream-cut terrace whose 
outer edge is about 97 feet above the adjacent 
creek bottom. These remnants are considered to 
have been formed when the streams flowed to 
the go-foot shore line. They suggest that the sea 
stood at the go-foot level for a relatively long 
time in comparison with the other shore lines 
below 200 feet discussed here. 
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Fossils from the platform of the go-foot shore 
line.—Marine shells were collected from the de- 
posits on the platform of the 90-foot shore line 
at a locality in the sea cliff below the railroad 
grade about 1.7 miles west of Gaviota station. 
The altitude of this locality is about 84 feet 
above sea-level. The fossils, identified by W. P. 
Woodring, are as follows: 

MT 70, 6-45.—Gravel, sand, and clay on 
wave-cut platform in sea cliff below railroad 
grade, 1.7 miles west of Gaviota station. Alti- 
tude about 84 feet above sea-level. Fossils: 
Neverita reclusiana (Deshayes)? incomplete; 
Epitonium tinctum (Carpenter)?, worn; Mitra 
idae Melville; “Nassa’’ fossata (Gould)?, young; 
“N.” mendica Gould; Tritonalia interfossa Car- 
penter?, young, worn; Mitrella carinata (Hinds) ; 
Olivella biplicata (Sowerby); Ophiodermella 


ophioderma (Dall)?, worn; Leptopecten latiauri- 
tus (Conrad); Schizothaerus nuttallii (Conrad)?, 
worn fragments; Protothaca staminea (Conrad) ; 
Cerastoderma nuttallii (Conrad)?, incomplete, 
corroded; Platyodon cancellatus (Conrad). 


EVIDENCE FOR A SHORE LINE 
AT ABOUT 125 FEET 


Considerable evidence points to the existence 
of a shore line not far above the 90-foot shore 
line along the entire coast of the quadrangle. 
Exposures of wave-cut platforms occur at nu- 
merous localities in highway and railroad cuts at 
altitudes somewhat above 1oo feet: 118 feet in 
the railroad cut at the west side of Canada del 
Capitan; about 112 feet at the east side of the 
highway crossing of Canada del Molino; about 
116 feet at the north side of the highway just 
west of the Vista del Mar School, 1 mile east of 
Gaviota; and about 110 feet in the highway cut 
just east of Canada Omentero. In a drainage- 
ditch excavation on the north side of the new 
highway about } mile west of the Arroyo Que- 
mado bridge in a widened natural gulch about 
62 yards north of the present highway is a de- 
posit of old beach gravel resting on Monterey 
shale. It is a compact, indurated, poorly sorted 
deposit of boulders of sandstone in a clayey 
matrix, the whole containing shells of marine 
organisms. The total thickness of gravel exposed 
is about 5 feet, and the contact with the under- 
lying shale is at about 116 feet above sea-level. 

Also, prominent benches occur on either side 
of the mouths of several of the canyons at alti- 
tudes of approximately 150 feet. These benches, 
such as the one on the east side of Canada del 
Corral, on the west side of Refugio Canyon, and 
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several other places, have some alluvial cover 
which may be several tens of feet thick. The in- 
ner margins of these, where they abut against 
the sloping foothill front, are about 150 feet 
above sea-level. The appropriate buried shore 
features should lie somewhat above 100 feet and 
below 150 feet. A few benches have practically 
no gravel, such as those on either side of Arroyo 
Quemado, and there the altitudes of the inner 
margins are at about 130 feet. 

At three localities in the western part of the 
quadrangle, shore lines can be determined close- 
ly. The clearest exposure is in the railroad cut 
west of Gaviota Canyon (pl. 2, B), where a nar- 
row remnant of wave-cut platform and its as- 
sociated cliff are exposed beneath the alluvial 
cover. The altitude of the highest point on the 
platform, just before it turns upward to the cliff, 
is at about 126 feet above sea-level as measured 
by Brunton level from the near-by bench mark 
SURPRISE. The platform, a few feet below this 
point, has a veneer a few inches thick of smal] 
pebbles, which contains some marine shell frag- 
ments. 

On the east side of Gaviota Canyon, where 
the highway swings down into the canyon, a 
deep road cut reveals a clearly defined shore-line 
angle covered by a steeply sloping deposit of 
reddish sand, possibly in large part wind-blown, 
banked against the shale slope of the buried 
cliff. The altitude of the approximate foot of the 
cliff is about 126 feet above sea-level. Only a few 
feet of the actual tread are exposed below the 
cliff; and a few pebbles and cobbles were discov- 
ered on it, but no fossils. This was perhaps part 
of the platform that lies above ordinary high 
tide, and preserved fossils would be rare. 

A wave-cut platform rises gradually from an 
altitude of about 96 feet at Gaviota station 
northward beneath alluvial cover to exposures 
along the north side of the old highway at the 
east side of the crossing of an unnamed canyon 
immediately west of Gaviota and nearly } mile 
east of Gaviota Canyon. Here the upper end of 
the platform is covered by coarse gravel with 
large, rounded boulders of sandstone and abuts 
against a low cliff, about 4 feet high, formed in 
shale. The foot of this low cliff is at about 131 
feet above sea-level, so that the platform rises 
from about 096 feet near the railroad station, or 
a total of about 35 feet, in a distance of about 
950 feet. Above the 4-foot cliff the surface of the 
shale rises somewhat more steeply and, within 
20-30 feet, reaches an altitude of about 137 feet. 
A little farther north and slightly east around 
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the curve of a tributary gully, the shale surface, 
riddled with huge pholad borings, many at least 
1 inch in diameter, is at an altitude of about 145 
feet. This is believed to represent the low part 
of the platform of the next higher sea stand, and 
the cliff with its base at about 131 feet is be- 
lieved to represent a shore line at a slightly low- 
er altitude. All these features are considered to 
represent a stand of the sea at about 125 feet 
above sea-level. Only in the vicinity of Gaviota 
do the remnants have any appreciable width. 


EVIDENCE FOR A SHORELINE AT 
180-200 FEET 


In the eastern part of the area are a few sma]] 
remnants of benches and hill summits that lie 
above the inner margin of the coastal terrace 
cover. The summits are at about 200 feet, as are 
the inner margins of the narrow benches. These 
altitudes are estimated from the contours of the 
topographic map. At the mouth of Canada de 
Molino, Canada San Onofre, and in the area 
from Canada San Onofre west nearly to Gaviota 
Canyon occur alluvial slopes and benches whose 
inner edges lie at a little above 200 feet, accord- 
ing to the contours of the map. At a few places 
bodies of rounded gravel and an occasional fossil 
shell or pholad-bored boulder rest on steeply 
sloping surfaces of the shale, which form narrow 
benches at several altitudes above 124 feet. One 
body of gravel on the east side of Arroyo Hondo 
ranges in altitude from about 124 to 147 feet 
above sea-level. Another patch occurs at about 
149 feet and another at about 145. These are all 
in the vicinity of Arroyo Hondo, and at first 
were thought to represent the platform of the 
125-foot sea. However, they are more likely the 
remnants of a still higher sea. They may repre- 
sent a shoreline at about 145 feet or may be rem- 
nants of a platform belonging to a shore line at 
180-200 feet. The former interpretation seems 
more likely on the basis of altitude, but evidence 
at hand is inconclusive. 

It is believed that an old shoreline lies be- 
neath the cover and at an altitude somewhat be- 
low 200 feet. The best evidence is in a gully near 
the head of the alluvial slope on the west side of 
the unnamed canyon immediately west of Can- 
ada San Onofre. Here red sand about 200 feet 
thick, mostly massive but at places faintly 
bedded, rests on Rincon shale exposed in the 
lower part of the gully. The sand is somewhat 
indurated at the surface but is loose, fine to 
medium, rather clean and uniform, and prob- 
ably largely wind-blown, although it has a few 
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scattered pebbles of quartz, sandstone, volcanic 
rocks, jasper, and others. A thin gravelly zone 
occurs at the base and rests on weathered shale. 
One flattish boulder of diatomaceous Monterey 
shale was discovered, with an unmistakable 
remnant of a pholad-bored depression on one 
side. The altitude of this place by Brunton hand 
level—a rather long distance for accurate hand- 
leveling—is about 178 feet above sea-level, and 
the shore line was doubtless somewhat higher. 
It is thought, in view of the erosional remnants 
elsewhere at about 200 feet, that an estimated 
altitude of 180-200 feet is reasonable. 


EVIDENCE FOR PERIODS OF LOWERED SEA-LEVEL 


The foregoing paragraphs present evidence 
for relative sea stands at levels higher than the 
present. In any study of marine terraces, periods 
of lowered sea-level (either lower than the pres- 
ent or lower than the higher observed ter- 
races) are just as important as periods of 
sea-level higher than the present. Unfortunate- 
ly, the Gaviota Quadrangle is a poor place in 
which to search for evidence of former lower 
stands of the sea. Evidence in the form of se- 
quences of alternating marine and continental 
deposits, such as Stearns (1935, pl. 178 and pp. 
1933-1937) describes on the Island of Oahu, is 
not known. Nor is the area large enough to re- 
veal any significant differences in the regularity 
of the different shorelines, such as Cooke (1945, 
p. 248) describes for the southeastern coast of 
the United States. Indeed, it is probable that 
the relief of the coast of the Gaviota Quadrangle 
is such that differences in regularity of shorelines 
would not be readily apparent, even if all the 
terraces were separated by periods of lowered 
sea-level. Most of the stream courses are rela- 
tively steep, and the tendency of the streams 
has probably been to cut down, pretty much re- 
gardless of sea-level fluctuations, within a range 
of a few hundred feet, except possibly at the sea- 
wardmost reaches of the larger streams. Some of 


these may have had periods of canyon-cutting 


and filling between the development of some of 
the terraces, but the grades are so steep that 
they might not be appreciably steepened as a 
result of lowered sea-level. Continuous down- 
cutting would re-excavate any deposits formed 
during previous periods of stillstand or aggra- 
dation and also would obliterate most traces of 
erosional benches formed during earlier periods 
of stillstand. 

However, there is evidence for some late 
down-cutting and subsequent filling on the part 
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of the larger streams. Two periods of alternate 
cut and fill are indicated. First is the period of 
valley excavation prior to the late period of fill- 
ing in near-by areas in the county described in 
a previous publication (Upson, 1949). The study 
of the shorelines of the Gaviota Quadrangle has 
corroborated the argument for this period of 
sea-level decline, although it has also necessi- 
tated some modification of the so-called 100-foot 
terrace of that paper (see pp. 440-441). 
Secondly, at the mouth of Arroyo Hondo 
there is evidence for an earlier period of alter- 
nate cut and fill. On the west side of the canyon 
mouth a narrow spur slopes evenly and gently 
from a high point at about go feet above sea- 
level on the platform of the 90-foot shoreline to 
about 65 feet at its outer edge, which overlooks 
the canyon floor. Midway on this slope is a 
V-shaped channel which transects the bedrock 
spur and is filled with coarse, rounded boulders 
of sandstone. The bottom of the channel as seen 
in cross section in the sea cliff is at an altitude 
of 40-45 feet above sea-level. This channel is 
clearly an old stream channel and lies within the 
canyon of Arroyo Hondo. It must represént a 
channel excavated by the stream at a higher 
level than the present. The existing remnant is 
only 20-25 feet deep but was probably some- 
what deeper originally. For the stream to fill 
this channel, abandon it, and move laterally 
eastward to cut down at its present position, 
there must have been a period at least of stable, 
or possibly rising, base level between the cutting 
of this channel and the formation of the present 
valley of Arroyo Hondo. The top of the bedrock 
ridge over which the stream must have shifted 
is only a little above the 60-foot level. Hence the 
stream conceivably could have aggraded its 
course during the cutting of the 60-foot plat- 
form, moved over, and cut down as the sea re- 
treated from the 60-foot level. However, during 
the cutting of the platform, the stream course 
would have been progressively shortened, thus 
tending to cause it to degrade rather than ag- 
grade. Also, there is no indication in most of the 
other streams that the 60-foot level lasted long 
enough to permit much lateral planation on the 
part of the streams, whereas terraces in Tajiguas 
Canyon and Refugio Canyon do suggest some 
period of lateral planation at the go-foot level. 
Thus the available evidence suggests that the 
filled and abandoned channel in the mouth of 
Arroyo Hondo represents a cut and fill between 
the development of the 125- and the 9o-foot 
shorelines. It is possible that the cut and fill took 
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place prior to the formation of the 125-foot 
shoreline. 

The writer does not believe that any signifi- 
cant evidence in the character and distribution 
of the alluvial cover is exposed in the Gaviota 
Quardangle. At some places the cover is obvi- 
ously multiple, and the cover on one platform 
remnant was eroded and in part redeposited on 
remnants of the next lower platform. Converse- 
ly, a single cover at places exists on remnants of 
more than one platform. The clearest example 
found of that was in the railroad cut west of 
Gaviota Creek, pictured in plate 2, B, where a 
single alluvial cover is deposited on the platform 
remnants of both the 125- and the go-foot shore 
lines. This would suggest that the interval be- 
tween the cutting of the two platforms was long 
enough to permit the removal of any cover that 
previously had been deposited on the upper one. 
At some places the 125-foot remnants have little 
or no cover remaining, but at others they do. 
The cover appears to be gone at places where the 
coast is steep and the remnants narrow, but it 
remains at places where the coast is more gentle 
and the remnants of the 125-foot terrace are 
broader. Such places are mostly along the larger 
canyons, where the cover consists in large part 
of remnants of accumulations of huge boulders 
which may have been too big to be easily re- 
moved. 

This evidence alone is considered too scanty 
to warrant the conclusion that the 125- and go- 
foot shorelines were separated by an interval of 
erosion brought about by lowered sea-level. 
But, taken in conjunction with the evidence in 
the mouth of Arroyo Hondo, it may be signifi- 
cant. Therefore, a questionable period of rela- 
tively lowered sea-level at this stage is included 
in table 1. 


MARINE TERRACES ABOVE 200 FEET 


Above the terraces discussed in the 
foregoing paragraphs, numerous benches 
and accordant ridge summits attest to 
the existence of higher erosional levels. 
Because of their position, fronting the 
ocean along the flanks of the foothills 
and main range of the Santa Ynez Moun- 
tains, they presumably represent ancient 
marine levels, although traces of rounded 
boulders and fossils were found on only 
one of the many ridge and hill summits 
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that were eav mined in the field. Im- 
mediately to the east, however, in the 
Goleta Quadrangle, nearly flat summits 
and benches at comparable elevations do 
have scattered boulders foreign to the 
underlying formations. Therefore, they 
are considered to be levels of marine 
erosion; and doubtless the remnants in 
the Gaviota Quadrangle are, too. These 
are nearly all narrow at the top and prob- 
ably have been reduced by subsequent 
erosion enough below the original alti- 
tudes that all traces of original beveled 
surface and covering deposits have been 
destroyed and removed except at the 
landward margins. Many ridge crests, 
such as that enclosed by the 650-foot con- 
tour southeast of bench mark REFUGIO 
between Refugio and Tajiguas canyons, 
rise evenly and gently northward until 
near the base of the hill or slope above 
them and then curve upward in a broad 
and increasingly steep slope over a verti- 
cal distance perhaps as much as 30 feet. 
The curving slope is mantled by soil and 
wash, and, if a remnant of a “shore-line 
angle’’ is preserved at all, it is buried 
beneath the wash, and its altitude is in- 
determinate. Furthermore, although the 
contour map seems to be a fairly ac- 
curate representation of the terrain, it is 
difficult, with a 50-foot contour interval, 
to reveal differences of altitude not much 
greater than that between summits and 
benches. However, bench marks have 
been established by the U.S. Coast and 
Geodetic Survey and the U.S. Geological 
Survey on many summits and ridge ends 
at altitudes of about 600-850 feet. Prob- 
ably between sea-level and 850 feet the 
contours are fairly well controlled. Thus, 
although it is impossible to ascertain 
closely the altitude of the shoreline ap- 
propriate to each set of benches, sum- 
mits, or ridge crests, and therefore not 
much reliance is here placed on the ac- 
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curacy of the determinations for marine 
levels, nevertheless it is clear that a suc- 
cession of marine erosion levels existed at 
altitudes of 200 to something over 800 
feet on the south coast of Santa Barbara 
County and that remnants now remain 
within the Gaviota Quadrangle and ad- 
joining areas. 

Accordingly, an attempt has been 
made through the preparation of project- 
ed profiles, comparison with the topo- 
graphic map, and field inspection of rep- 
resentative ridges to approximate the 
shore-line altitudes. Profiles were pre- 
pared for each of the 11 main ridges be- 
tween the principal canyons by projec- 
tion from the topographic map. The 
horizontal scale was enlarged graphically 
to about 1 inch = 1,600 feet and the ver- 
tical scale was taken as ,') inch = 50 feet. 
Much-reduced copies of the profiles are 
reproduced in figure 3. 

The short, heavy, horizontal lines on 
the profiles indicate points selected as 
representing possible shore lines or some- 
what reduced remnants of erosional 
benches. The number is the approximate 
altitude of the point selected if a shore- 
line, or a little above the point selected 
if a hill or ridge summit. The estimated 
shore-line altitudes and definition of cer- 
tain of the levels here given have been 
modified somewhat from data presented 
in a published abstract (Upson, 1949) as 
a result of later additional field and office 
studies of the area. 

Beginning at the top, the summit elevations 
at 2,500-2,540 feet may represent a former 
shoreline at somewhat above 2,540 feet. The iso- 
lated summits at 1,860 (profile 1z), 1,810 (profile 
10), and 2,265 (profile 4) are not considered to 
represent erosion levels, though they may. Sev- 
eral summits and benches at from 1,581 (pro- 
file 9) to 1,660 (profile 3) may represent an 
erosional level whose shore line was somewhat 
above 1,660. Summits and suggested benches 
occur in several of the profiles at 1,240-1,275. 
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These may represent an erosional level whose 
shoreline was a little above 1,275; or possibly 
the summit at 1,310 in profile rz, the benches 
at 1,320 in profile g and at 1,310 in profile 8 also 
belong to this level, in which case the shore'ine 
would be at about 1,320 feet or a little higher. 
Possible interpretations are one shoreline at 
somewhat above 1,320 feet and another at 
somewhat above 1,275; or one at somewhat 
above 1,320 feet and another at somewhat above 
1,260, with the single 1,275 summit being con- 
sidered a residual from the level above 1,320. 
Because both a 1,320-foot bench and a 1,260- 
foot summit occur on the same profile (profile 8), 
the interpretation of two shorelines, one at 
above 1,320 (previously indicated as 1,390 
[Upson, 1949]) and one at above 1,260 feet, is 
selected. 

Below 1,260 feet, benches ranging from 1,150 
to 1,190 occur on three profiles (7, 8, and g) and 
are considered to represent a poorly preserved 
shoreline at about 1,200 feet. 

Next in order downward are fairly well-de- 
fined benches 1,055 (profile 3), 1,060 (profile 5), 
1,035 (profile 7), 1,050 (profile 8), and 1,050 
feet (profile 10). These are considered to repre- 
sent an erosional level with a shoreline at about 
1,060 feet. The summit at 1,060 feet in profile 7 
may belong to this level but is probably a re- 
sidual from a higher level. The summits at 1,010 
feet in profile rz may also be remnants of this 
surface. 

An unnumbered shelf at about 1,000 feet in 
profile 7; summit at 970 in profile 2; 960 (?) in 
profile g; and two summits at 1,010 in profile 17 
may represent another level at about 1,010 
(called “possibly 950 feet’? previously [Upson, 
1949]). However, they occur on profiles where 
representatives of the 1,060-foot level are ab- 
sent, and they may actually be reduced rem- 
nants of that level. 

Below this level are remnants of three closely 
spaced levels. The 840-foot summit in profile 2, 
the 860 in profile 6, possibly the 885 in profile g, 
and the 850 summits in profile zz are thought 
to represent an erosional level at something 
above 860 feet—possibly as much as 885, al- 
though the 885-foot summits in profile 9 may be 
residual from a higher surface at the doubtful 
1,000-foot level. The 760-foot summit (profile 
1), 750-foot shelf (profile 2), 765-foot summit 
(profile 4), 780-foot summit (profile 5), 775-foot 
summit (profile 6), 750-foot summit (profile 7), 
the 800-foot level (profile 9), and 760-foot sum- 
mits (profiles zo and 17) are considered to repre- 
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sent a widespread and broad erosional level for 
which the shore line is taken as a little over 800 
feet. This level was formerly given as 825 but is 
perhaps better considered as about 810 feet. A 
number of summits and shoulders ranging from 
700 to 725 feet are also considered to represent 
an erosional level with a shore line at about 725 
feet (previously given as 720). These three lev- 
els—860, 810, and 725 feet—are critical and sig- 
nificant. Remnants of all three occur together on 
several different profiles and hence are separate 
and distinct. The remnants are recognized across 
the entire quadrangle at approximately the 
same elevations; hence it is believed that they 
were not tilted appreciably, at least along direc- 
tions parallel to the shore. If so, it probably fol- 
lows that younger (lower) erosional levels also 
have not been appreciably tilted along the same 
directions. 

A still lower former shore line is represented 
by a number of shoulders and summits at alti- 
tudes of 597 to about 615 feet. These remnants 
occur below remnants of the 725-foot level and 
represent a shore line somewhat above 600 feet 
—called about 620. 

Between 600 and about 200 feet, scattered 
narrow benches and summits occur at several 
altitudes. They occur sporadically, and, though 
clearly visible in the field, most of them are too 
narrow to appear on the profiles. Time did not 
permit careful working-out of these remnants 
in the field, so at present only tentative determi- 
nations are given here. It seems likely that a 
shore line existed at about 560 feet, although 
the remnants on which it is based might be part 
of the 620-foot level. The profiles show breaks 
in slope at about 500 feet; and a number of 
shoulders with inner margins between 450 and 
500 feet were seen in the field. These were earlier 
assigned to a 470-foot shore line, but they may 
all represent a shore line at a little above 500 
feet—perhaps 510. 

Persistent narrow benches occur nearly ev- 
erywhere on the steep front of the foothills, with 
the altitude of the inner margin being every- 
where roughly 350 feet above sea-level. And, 
finally, a number of similar features occur lower 
down, at an altitude of about 275 feet. 


In summary, there is evidence, ad- 
mittedly somewhat scanty, for numerous 
marine shore lines above 200 feet. Ap- 
proximate elevations are estimated to be 
at, respectively, about 275, about 350, 
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possibly 470, probably 510, possibly 560, 
about 620, 725, 810, 860, possibly 1,000, 
about 1,060, 1,200, possibly 1,260, about 
1,320, and 1,660 feet and possibly higher. 
The altitudes are not closely determined. 
Because for most of these terraces a 
shore-line level only a little above the 
highest remnant of each group is selected, 
the altitudes are more likely to be a little 
low than too high. The main point it is 
desired to make is that there is a flight of 
12-15 marine terraces, apparently not 
appreciably deformed, on the foothills 
and lower slopes of the south flank of the 
Santa Ynez Mountains, at altitudes 
ranging from 200 to possibly more than 
1,660 feet. Such terraces are not re- 
stricted to isolated areas of supposed lo- 
cal uplift, such as the Rincon Mountain 
and the Palos Verdes Hills. Many of 
these terraces are traceable east and west 
for c .siderable distances from the Ga- 
viota Quadrangle; and it is believed that 
with more detailed topographic maps the 
altitudes could be determined closely 
enough for valid comparison with near- 
by islands and other land masses. 


AGE OF THE SHORE LINES 


The marine shore lines between 5 and 
200 feet above sea-level and the benches, 
ridge summits, and hill crests inferred to 
represent former marine platforms from 
275 to 1,660 feet and possibly higher ap- 
pear to have been formed during one es- 
sentially uninterrupted or possibly two 
closely related periods of marine-terrace 
formation. The terraces below 200 feet 
have, in the main, considerable alluvial 
cover remaining. The remnants above 
200 feet are much more highly dissected 
and have essentially no cover remaining, 
at least within the Gaviota Quadrangle. 
This suggests that the higher terraces 
were formed during a period somewhat 
remote from that in which the lower (and 
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younger) terraces were formed and were 
possibly separated by a relatively long 
interval of no terrace formation. Howev- 
er, east of the Gaviota Quadrangle ex- 
tensive bodies of alluvium at fairly high 
levels are associated with erosional fea- 
tures as high as 700 feet or more above 
sea-level. Moreover, the degree of dis- 
section depends in part on rock resistance 
and in part on chance location and the 
erosive power of streams. Hence the lack 
of cover and the greater relative dissec- 
tion of the higher terraces in the Gaviota 
Quadrangle may not result from age dif- 
ference—except, of course, that, in gen- 
eral, the higher the terrace, the older it is. 

Another feature suggesting that the 
terraces all belong to one mainly uninter- 
rupted or two relatively closely consecu- 
tive periods of terrace formation is the 
apparent absence of appreciable defor- 
mation or tilting of the terraces, at least 
below the 860-foot level. There certainly 
is no indication of appreciable tilt along 
an axis normal to the shore. Also it is be- 
lieved that the remnants of the 725-, 
810-, and 860-foot levels, as shown in 
figure 3, do not allow appreciable tilt 
along an axis parallel to the present 
shore. Thus it is believed that the ter- 
races up to and including at least the 860- 
foot level were formed subsequent to any 
differential crustal movements of ap- 
preciable magnitude and hence after the 
major so-called mid-Pleistocene period 
of orogeny of the region (see Bailey, 
1943). Accordingly, the terraces here dis- 
cussed were formed after the deposition 
and deformation of the Santa Barbara 
formation (Upson and others, 1947, Pp. 
52), which crops out in the Goleta 
Quadrangle (Corps of Engineers, U-S. 
Army, 1:62,000 scale) to the east and is 
considered to be Lower Pleistocene in 
age. 

More concrete evidence supporting 
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this inference is that, at several localities 
in the Goleta Quadrangle, erosional sur- 
faces, either wave-cut or cut by streams 
graded to higher shore lines, unconform- 
ably transect the Santa Barbara forma- 
tion at about 350 feet about 3 miles 
northeast of Goleta at triangulation sta- 
tion “‘Cluster,’’ and at over 500 feet on 
certain of the hills near the shore in the 
extreme eastern part of the quadrangle. 
The Santa Barbara formation and the 
capping terrace deposits are shown on 
the geologic map accompanying a dupli- 
cated report on the Goleta area (Upson 
and others, 1947, pl. 605). The erosional 
surfaces at these places are believed to be 
correlative of some of the terraces and 
wave-cut benches of the adjoining Gavio- 
ta Quadrangle, though the relationship 
has not been traced in the field. Finally, 
within the Gaviota Quadrangle, the 
wave-cut platform of the go-foot shore 
line at Capitan Point appears to truncate 
the Lower Pleistocene(?) sand beds de- 
scribed in this paper (p. 420). 

Thus all the marine shore lines and ter- 
races, summarized in table 1, at least up 
to 860 feet above sea-level, were prob- 
ably formed after the deformation of the 
Santa Barbara formation, and hence in 
the Middle or Upper Pleistocene of 
southern California. Accordingly, in gen- 
eral they are about the same age as the 


terraces on the Palos Verdes Hills which - 


Woodring and others (1946, p. 109) as- 
sign to the Upper Pleistocene. 


COMPARISON OF THE SHORE LINES AND 
TERRACES OF THE GAVIOTA QUAD- 
RANGLE WITH THOSE OF 
OTHER AREAS 


Table 1 shows the terraces and shore 
lines recognized in the Gaviota Quad- 
rangle in comparison with those of other 
areas. The writer uses the term “‘com- 
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parison”’ advisedly, rather than “‘corre- 
lation.”’ The table is for the purpose of 
revealing differences as well as similari- 
ties between different areas. Also, the 
only basis possible in these data for at- 
tempting correlation, namely, shore-line 
altitude, although under some circum- 
stances a valid line of evidence, is con- 
sidered inadequate as the sole basis. 

The data on the Atlantic Coast are 
taken from the recent work by Cooke 
(1945). The data on the Pacific are taken 
from the early publication by Stearns 
(1935) and also from the later summary 
(1945), which includes information about 
other islands in the North Pacific, as well 
as Stearns’s comparison of Pacific shore- 
lines with Atlantic ones. In his later pub- 
lications Stearns omits mention of the 
Kahuku, or 55-foot stand of the sea on 
Oahu. Comparison is also made with the 
terraces recognized by Davis on the 
Santa Monica Mountains. The sequence 
listed by Lawson (1893) on San Clemente 
Island is only one of several sequences he 
described on the coast of southern Cali- 
fornia. It is chosen here because of its 
proximity to the Gaviota Quadrangle 
and because Lawson reports that there 
is very little cover on the terraces of San 
Clemente Island—hence the altitudes 
given for the shore lines are probably as 
close to being the true altitudes as the 
accuracy of the method of determination 
allows. 

No comparison is attempted with se- 
quences described in the Ventura region 
by Putnam (1942), in San Luis Obispo 
County by Trask, and on Santa Cruz and 
San Miguel Island by Bremner (1932, 
1933) because the altitudes given in the 
discussion of these areas are not the ac- 
tual shorelines. In most cases they are 
rear of the terrace,’ and the actual 
shoreline may be covered by as much as 
several tens of feet of alluvium. 


dg 
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SANTA BARBARA COUNTY 


The features revealed in the study of 
marine terraces of the Gaviota Quad- 
rangle corroborate the argument for the 
period of sea-level decline discussed in a 
previous publication (Upson, 1949) but 
necessitate some modification of the so- 
called 1oo-foot terrace of that paper. 
Probably the 1oo-foot terrace includes 
the shore lines here discussed at 40(?), 
60, and go feet. The writer has not had 
opportunity to re-examine the localities 
in the light of the latest information, but 
it seems likely that the marine platform 
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at about 35 feet at the mouth of the San- 
ta Ynez River Valley (Upson, 1949, p. 
100) may represent a 40-foot shore line 
or a 60-foot shore line. It is unlikely that 
it represents a go-foot shore line. Similar- 
ly, at Santa Maria (Upson, 1949, p. 102), 
the low terrace above the alluvial plain 
may have been graded to a 40-foot shore 
line. In the Goleta Basin (Upson, 1940, 
p. 106) the 35-foot terrace at Goleta 
Point may represent a 42-foot shore line, 
or conceivably the 60-foot shore line. 
The 60-foot platform at the mouth of 
Goleta Slough may be a short distance 


TABLE 1 


COMPARISON OF FORMER MARINE SHORE LINES: ALTITUDES ABOVE SEA-LEVEL (FEET) 


| Santa Monica 
Mountains 
(Davis) 


San Clemente 
Island 
(Lawson) 


Gaviota 


Quadrangle 


1,660+ 


1,320+ 
1, 260(?) 
1,200+ 
1,060+ 
1,000(?) 
860 
810+ 


Malibu, about 
200 
Low level 


125 
Low level(?) 
90° 
60 
42(?) 


25 

Low level Low level, — 300 
12 5 

Present Present Present 


Dume, 150-125 


| Olowalu, 250 


| Unnamed, 215 


| Unnamed, 150 


| Kahipa, — 300 | 
| 
| 


Stages of 
Glaciation 
(after Parker 
and Cooke*) 


Southeastern 
Atlantic Coast 
(Cooke,* Parker) 


North Pacific 
Islands 
(Stearns) 


Low level 
(Inclusive), 270 | 
Low level 
Coharie, 215 
Sunderland, 170 
| Low level | INinoian 
Okefenokee,* 140 


Wicomico, 100 
Penholoway, 70 
Talbot, 42 

Low level 
Pamlico, 25 
Low level 
Silver Bluff, : 
Present 


Kaena, 95 
Laie, 70 
Waialae, 40 
Waipio, —60 
Waimanalo, 25 


| Iowan 


Wisconsin 
Kapapa, 5 
Present 


* Includes latest interpretation of Cooke; personal communication dated August 31, 1950. 


i 
| 
| | 
| | 
| 
1,500 
1,375 
1,320 | 
1,250 
| 1,200+ 
1,040 } 
930 
735 | 
O80 725+ | | 
580 } 620+ | 625+ 
550 | } 560( ?) 560+ 
510+ | | 
470 470(?) | | 
380 3sot | 375+ 
280 275+ 
| 225 
| 
120 | 
85 
‘0 | 
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below the 60-foot shore line of this paper 
or may represent the platform of the go- 
foot shore line. And the 80-foot platform 
at the east side of the mouth of Tecolote 
Canyon probably represents not a 100- 
foot shore line but the 9o-foot shore line 
of this paper. 

Despite these modifications, the main 
thesis of the earlier paper remains un- 
changed. The period of lowered sea-level 
followed the development of the go-foot 
(formerly 100-foot) shore line; and the 
shore lines here recognized at 60, 42(?), 
and 25 feet apparently represent stages 
in that decline of sea-level. The 25-foot 
terrace at the mouth of Canada del Capi- 
tan has an unknown amount of fill on it 
and may have been preceded by a period 
of cutting. If the 300-foot decline of sea- 
level preceded the development of the 
25-foot shore line, there should be clearly 
defined remnants of a 25-foot alluvial 
terrace in these valleys. But such rem- 
nants are not found in any of the larger 
canyons of the Gaviota Quadrangle; nor 
do they occur in the Goleta Basin to the 
east nor in the lower Santa Ynez River 
Valley to the northwest. Accordingly, as 
postulated in the earlier paper, the major 
period of down-cutting which preceded 
the alluvial filling evidently followed the 
development of the 25-foot shore line. 


SANTA MONICA MOUNTAINS 


The terraces of the Gaviota Quadran- 
gle are probably in some degree correla- 
tive with those described by Davis on 
the south coast of the Santa Monica 
Mountains. In fact, Davis (1933, pp. 
1108 and 1109) correlates with his Dume 
Platform a low coastal plain in the west- 
ern part of the Goleta Quadrangle (next 
east of the Gaviota Quadrangle), which, 
in Davis’ words, “‘slants southward from 
an altitude of about 150 feet along its 
inner margin at the base of the foothills 
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to the shore cliffs.” This same coastal 
plain narrows westward, as Davis recog- 
nized, and continues into and across the 
Gaviota Quadrangle. There it includes 
the marine shore lines here described at 
altitudes of from 60 to 200 feet. Davis’ 
description of the Malibu and Dume 
Platforms, cliffs, and alluvial covers is 
clear and penetrating, but unfortunately 
he gives little specific data on the alti- 
tudes of the shore-line angles—which ad- 
mittedly are largely concealed. However, 
he gives (1933, p. 1051) the altitude of 
the cliff-base shore line of the Malibu 
Platform as “about 200 feet.’’ Davis also 
states that the second, or Dume Plat- 
form, “is about 1oo feet lower than the 
first’; that on Point Dume, “it now 
stands at altitudes of from 40 to 130 
feet’’; and also that, “followed westward, 
its inner or shoreline angle gradually 
slants down to an altitude of about 25 
feet, which it maintains for some 10 miles 
[italics mine] before it sinks below sea 
level at the west end of the mountains.” 

The argument that the Dume Plat- 
form sinks below sea-level at the west end 
of the mountains is evidently based in 
part upon the character of the western 
termination of the range which appears 
to have been drowned by the alluvium of 
the Oxnard Plain. The writer’s work in 
Santa Barbara County suggests rather 
that the drowning resulted from simple 
deposition of alluvium upon eustatic rise 
of sea-level. Davis (p. 1078) recognized 
the overdeepened character of the can- 
yon of Sycamore Creek, which enters the 
ocean near the west end of the Santa 
Monica Mountains, and ascribed the 
deepening to previously lowered sea-level 
after the formation of the Dume Plat- 
form and prior to the cutting of the pres- 
ent sea cliff. The writer has not had op- 
portunity to examine the localities but is 
inclined to suggest that Davis’ Dume 
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Platform actually includes representa- 
tives of the 125-, go-, 60-, and 25-foot 
levels of the Gaviota Quadrangle. The 
shore-line angle traceable at an altitude 
of about 25 feet for a distance of 10 miles 
suggests, not that it is the down-tilted 
portion of a higher angle elsewhere, but 
that it represents an undisturbed angle at 
an altitude of about 25 feet above sea- 
level, as Davis himself (p. 1091) rec- 
ognized. 


OTHER AREAS ON THE SOUTHERN 
CALIFORNIA COAST 


For other areas on the coast of south- 
ern California the correspondence in alti- 
tude of certain of the high terraces may 
be significant. However, the sequence 
thus far recognized in the Gaviota Quad- 
rangle and also in other areas may not be 
complete; and the altitude determina- 
tions are not precise. With more accurate 
altitudes the correspondence between the 
Gaviota Quadrangle sequence and, for 
example, that of San Clemente Island 
might improve or might deteriorate. Un- 
fortunately, Woodring did not estimate 
the altitudes of the shore lines for ma- 
rine terraces distinguished on the Palos 
Verdes Hills. Crude estimates made by 
this writer from Woodring’s map (Wood- 
ring and others, 1945, pls. 14 and 22) sug- 
gest that shore-line altitudes for many of 
the terraces on the Palos Verdes Hills in 
areas where the terraces are said not to 
be deformed may correspond closely to 
those on San Clemente Island and in the 
Gaviota Quadrangle. Whether or not the 
terraces of the Gaviota Quadrangle were 
formed at the same time as terraces of 
about the same altitudes on San Clemen- 
te Island and the Palos Verdes Hills, it 
can probably be said correctly that a 
suite of terraces was developing on all 
these shores at about the same time. 

In 1945 the writer spent most of 3 days 
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on San Nicolas Island, where several ma- 
rine terraces were observed. The most 
prominent terrace is a broad flat, nearly 
1 mile wide and more than 1 mile long, 
at an altitude of very nearly 500 feet. 
The shore line was not seen but is prob- 
ably a little above 500 feet. Other promi- 
nent terraces occur at about 50 feet be- 
low this main level, and at four other 
levels having shore-line altitudes at 
roughly 200 feet, at 85—100 feet, at 35-40 
feet, and at about 10 feet. The island 
rises to broad summit levels at 905 and 
907 feet, which may represent a level of 
marine erosion. Probably the only sure 
conclusion to be drawn is that more work 
needs to be done on former marine shore 
lines in this region. 


SOUTHEASTERN ATLANTIC COAST AND 
THE PACIFIC ISLANDS 


As table 1 shows, there is a close cor- 
respondence of altitude between the ter- 
races below 200 feet in the Gaviota 
Quadrangle and those described on the 
southeastern Atlantic Coast of the Unit- 
ed States and on some of the North Pa- 
cific islands. Correlation on the basis of 
altitude alone is, of course, subject to 
error. But the existence of relative low 
stands of the sea would greatly strength- 
en correlation if they, too, correspond. 
As the table shows, the periods of relative 
low sea-level do not entirely agree. Cor- 
respondence with the sequence on the 
North Pacific islands would be very 
close, were it not for the placing of the 
— 300-foot stand of the sea and the ap- 
parent absence of a —6o-foot sea stand. 
There is no known evidence for a —60- 
foot shore line off the Gaviota Quad- 
rangle, but there is some elsewhere in 
California, which will be cited below. In 
regard to the — 300-foot shore, is it pos- 
sible that the Kahipa stand of the sea in 
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the Hawaiian Islands is misplaced and 
actually follows the Waimanalo stand? 

Correspondence with the southeastern 
Atlantic Coast sequence is also close for 
levels below 100 feet, except for the ab- 
sence in the Gaviota Quadrangle of evi- 
dence for a low sea-level between the 
42(?)- and the 25-foot shore lines. In the 
range above roo feet, the 125-foot shore 
line does not correspond very closely to 
the 140-foot shore line, nor does the low 
sea-level following the 125-foot shore line 
seem to have any counterpart in the 
Atlantic sequence. However, as indicat- 
ed previously (p. 435), this low level 
might be older than the formation of the 
125-foot shore line and thus might cor- 
respond with the pre—140-foot low level 
of the southeastern Atlantic sequence. 
Cooke believes’ that his 140-foot shore 
line follows the post-Sunderland period 
of lowered sea-level. Possibly that inter- 
pretation might be changed. Neverthe- 
less, the general correspondence of the 
low terrace sequences in the three widely 
separated areas is striking. 

In regard to a —60-foot sea stand, 
whereas there is no known evidence on 
the shore of the Gaviota Quadrangle, 
some facts may indicate the presence of 
such a sea stand elsewhere in southern 
California. First, contours at the base of 
the alluvial fill in the Lompoc Plain of 
the lower Santa Ynez River Valley (Up- 
son, 1949, fig. 2) suggest the presence of 
a buried terrace. On the south side of the 
valley the contours suggest that the out- 
er edge of this terrace is about — 20 feet. 
Wells penetrate gravel that lies immedi- 
ately above this bench and may represent 
a buried terrace capping. Near the west 
end of the valley and on the north side, 
1}-3} miles inland the contours suggest 
another terrace beneath the alluvium. 
The form of this terrace is not well con- 

5 Personal communication, June 1, 1949. 
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trolled by points on the base of the al- 
luvium, and the altitude of the outer 
edge is not closely delineated. According 
to the contours, it would lie between — 60 
and —100 feet. These seeming terraces 
may point to a position of sea-level at 
—6o feet or deeper, but shallower than 
—100 feet. As to age, clear evidence is 
lacking, but the capping gravels appear 
to be truncated laterally by the alluvial 
fill, and hence the terrace is considered 
to be older than the main period of down- 
cutting correlated with a — 300-foot sea- 
level. 

Second, Poland and others (in press, 
pp. 96-103) describe tongues of gravel 
with bases at 70-80 feet below sea-level 
as part of the Recent alluvium of the Los 
Angeles coastal plain. These gravels were 
doubtless laid down by the ancestral Los 
Angeles and Santa Ana rivers. The depo- 
sition is ascribed to a halt and a possible 
slight oscillatory rise in a general decline 
of sea-level, leading to excavation of the 
deeper stream valleys to a depth of about 
150 feet below sea-level. The better-de- 
fined of these two tongues, one in the 
Bolsa Gap, has its base at 70 feet below 
sea-level inland for several miles and at 
about 80 feet below sea-level at a point 
about 6 miles inland. This apparent lack 
of slope, or slight landward slope of about 
10 feet in 6 miles, is ascribed to warping 
after deposition. Allowing for a little 
warping, it is conceivable that these 
gravel tongues were deposited by streams 
that may have been graded to a position 
of sea-level about 60 feet below the 
present. 

With existing knowledge, the correla- 
tion is speculative; but the gravel bodies 
described may constitute evidence for 
a —60-foot sea stand. 

In regard to the higher terraces, the 
writer does not wish to make any com- 
mitment at present regarding their cor- 
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relation, or even comparison, outside the 
area of southern California. Stearns 
(1945) evidently considers that terraces 
on the Hawaiian Islands, at altitudes as 
much as 1,200 feet both above and below 
sea-level, may be due to eustatic fluc- 
tuations of sea-level. If so, they should 
have counterparts elsewhere in the world. 


CONCLUSIONS AND HYPOTHESES 


The foregoing study and comparison 
of marine-terrace sequences suggest cer- 
tain conclusions and hypotheses which, 
though some for the present are consid- 
ered tentative, are worth discussion. 
Virst, there is strong evidence for many 
more shore lines on the Gaviota Quad- 
rangle coast than have heretofore been 
described. Second, there is little question 
that marine terrace and shore-line rem- 
nants up to altitudes on the order of a 
thousand feet or more occur on essential- 
ly all the hill and mountain bodies sur- 
rounding the continental borderland of 
southern California, and on many of the 
islands as well. They were probably 
formed about the same time everywhere 
and may, to some degree, actually be 
correlatives. Detailed studies and care- 
ful measurement of shore-line altitudes 
would be required to find out. If the 
marine shore lines of the Gaviota Quad- 
rangle, the Palos Verdes Hills, and San 
Clemente Island and presumably other 
high masses of the region actually are 
correlatives, then either the sea-level de- 
clined or these several land masses rose 
more or less uniformly, though inde- 
pendently. 

There are several objections to ex- 
plaining all these terraces by eustatic 
changes in sea-level. First, they are too 
numerous and at too high altitudes to be 
accounted for by glacial fluctuations of 
sea-level. Second, that they seem to occur 
at successively lower altitudes is incon- 
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sistent with the known glacial history. 
Third, the terraces at some localities are 
reported to be clearly tilted, thus indi- 
cating crustal movements. Fourth, there 
appear to be no shore lines on the borders 
of the Los Angeles coastal plain, the 
Colorado desert, and the California cen- 
tral valley. If the land surface in these 
depressions were at the same altitude as 
now, they would have been flooded by a 
sea standing only 100-200 feet above the 
present level. Yet these areas contain at 
least several hundred feet of continental 
deposits. (For the Los Angeles Coastal 
Plain and adjoining areas see Eckis, 
1934.) Thus they are presumably areas 
of subsidence. It is conceivable, though 
admittedly unlikely, that the areas could 
have subsided at rates and altitudes ap- 
proximately corresponding to a declining 
sea-level. Thus considerable evidence in- 
dicates that the marine terraces were cut 
during halts in uplift of independent 
island and mountain masses. 

However, the writer believes that this 
hypothesis cannot yet be fully accepted 
as the explanation for all the marine ter- 
races of the region. In the first place, the 
rather close correspondence of the base of 
alluvial-filled valleys discussed in an 
earlier paper (Upson, 1949) suggests that 
the sea-level rose in Recent time inde- 
pendently from a position some 300-350 
feet below the present. Second, the lim- 
ited comparisons in this paper suggest 
the possibility that marine terraces at 
least at and below 125 feet in the Gaviota 
Quadrangle are correlative with those on 
San Clemente Island—and, if there, pos- 
sibly elsewhere, too. It is believed that 
there are insufficient data at hand to 
prove that the terraces on the several 
mountains and islands of the continental 
borderland are not correlative; and there- 
fore the possibility that they are correla- 
tive, at least in part, remains open. Is it 
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possible that the higher terraces were 
formed during halts in uplift within and 
following the Middle Pleistocene orogeny 
but that, in the later Pleistocene, crustal 
movements became so slow that marine 
terraces—say, at and below 125 feet— 
reflect world-wide positions of sea-level? 

With respect to this query, the appar- 
ent correspondence of altitude of the 125- 
foot and lower shore lines in the Gaviota 
Quadrangle with those of the North Pa- 
cific Islands and southeastern Atlantic 
Coast is interesting, to say the least. 
The terrace sequences described by 
Stearns and by Cooke have not gained 
universal acceptance. Cooke’s tentative 
dating of successive terraces has been 
modified from time to time (1930, 1935, 
1944) as evidence and information ac- 
cumulated. However, Cooke has not 
found it necessary to modify shore-line 
altitudes appreciably. Flint (1940) has 
argued, for example, that only the 100- 
and 25-foot shore lines of Cooke are true 
shore lines. The writer has not examined 
Cooke’s shore lines in the field. However, 
other geologists have accepted and used 
them (Parker and Cooke, 1944); and 
only recently Carlston (1950) has recog- 
nized marine terraces in Alabama com- 
parable in number and altitude to those 
described by Cooke. 

Assuming tentatively, then, that 
Cooke’s shore lines are valid, although 
the dating may be questionable, the 
shore lines of the Gaviota Quadrangle 
may either have no correlation or a com- 
mon origin with those of the southeastern 
Atlantic Coast or be actua! correlatives. 
Let us examine some of the implications 
of the latter possibility. If they are cor- 
relative and the shore lines below 275 
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feet were developed during the intergla- 
cial stages, then either the Santa Barbara 
formation, which is considerably older 
than a 275-foot terrace, is pre-Pleisto- 
cene, or else the California Pleistocene is 
considerably longer and more complex 
than the so-called glacial Pleistocene. 
This would be in accord with Eaton’s 
(1928) theory as to the nature and dura- 
tion of the Pleistocene. On the other 
hand, if the Santa Barbara formation 
is Pleistocene, meaning Nebraskan or 
younger, and if the Gaviota Quadrangle 
shore lines are still the correlatives of 
those on the southeastern Atlantic Coast, 
then perhaps all these terraces were de- 
veloped during only the late stages of the 
glacial Pleistocene and may not be so 
closely related to glacial fluctuations of 
sea-level. 

The writer does not advocate either a 
tectonic or a eustatic theory to account 
fully for the marine shore lines and ter- 
races of the Gaviota Quadrangle. He sug- 
gests the possibility that both theories 
may be correct in part. He does advocate 
the collection of more basic data. 
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THE MECHANICAL ANALYSIS OF SEDIMENTS 
FROM THIN-SECTION DATA" 


NORMAN N. GREENMAN 
University of Chicago 


ABSTRACT 


In 1935 Krumbein published a method for correcting the moments of a thin-section size distribution to 
obtain those of the loose-grain size distribution. His method is limited in two respects: (1) it does not give the 
total distribution, and (2) it can be applied only if the measurements are grouped into equal arithmetic 
class intervals. It is often desirable to know the total size-frequency distribution as well as the moments of 
this distribution. Moreover, it is customary to plot the analyses on a logarithmic, rather than an arithmetic, 
scale, so that for comparative purposes it is necessary to have a set of correction factors that can be use 


with logarithmically grouped data. 


In this paper Krumbein’s theory is extended to achieve these objectives. In the first section a method 
for reconstructing the total arithmetic distribution is presented. The second and third sections are devoted 
to the logarithmic case; in the former section the logarithmic bias corrections are derived, and in the latter 
the method of reconstructing the total logarithmic distribution is given. 


INTRODUCTION 


Krumbein (1935) presented a method 
for making mechanical analyses of sands 
from thin-section. He showed that for 
spherical grains of uniform size the 


probability function describing the dis- 
tribution of thin-section diameters that 
results from the cutting process is 


P(x) dx= -— 

where ¢ and x are the true diameter and 
thin-section diameter, respectively. Us- 
ing this function, he carried out the 
analysis still further, to apply to grain 
populations of variable size. His final re- 
sult is given by 


xO (x) dx =cf mF (r)dr, 


where the integral on the left is the mth 
moment of the thin-section distribution, 
the integral on the right is the mth mo- 
ment of the actual distribution, and C isa 
bias correction constant depending upon 
n. This equation thus enables one to cal- 


* Manuscript received April 27, 1950. 


culate the moments of the loose-grain 
distribution from those of the thin-sec- 
tion distribution because the latter can 
be measured and the corrections, C, are 
known constants. 

To test this method, Krumbein made 
loose-grain and thin-section measure- 
ments on two samples of naturally oc- 
curring sands, one of the St. Peter sand- 
stone and another of a reworked glacial 
sand. He found excellent agreement be- 
tween the observed and expected results. 
Because his equations were derived on 
the assumption of spherical grain shapes, 
he thought that this agreement in the 
face of marked differences in roundness 
between the two sets of grains was de- 
pendent in large part on the high sphe- 
ricity values in both samples. However, 
the author has shown (Greenman, 1950) 
that the method applies equally well to 
nonspherical grains, provided only that 
these shapes are approximately ellip- 
soidal. 

Krumbein did not carry the problem of 
thin-section mechanical analysis beyond 
the stage of obtaining the moments of the 
loose-grain distribution. However, it is 
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often valuable to know, in addition to the 
moments, the total distribution of the 
grain population (i.e., the histogram or 
cumulative curve). Therefore, a method 
_is presented in the first part of this paper 
for reconstructing the desired total dis- 
tribution. 

After developing this method, the au- 
thor found that Wicksell (1925), in con- 
nection with a problem in physiology, 
had used a similar procedure in recon- 
structing the original size distributions 
of corpuscles embedded in tissue. Wick- 
sell’s procedure, however, is based on the 
general case in which the probability of 
a grain’s being cut by the sectioning 
plane is taken into account. Krumbein 
neglected this factor, assuming, in es- 
sence, that the size distribution of the 
grains cut by the sectioning plane is 
identical with that of the grains in the 
rock sample from which the section was 
cut. He found that, with the sediments 
he studied, his method gave better results 
than that of Wicksell (Krumbein and 
Pettijohn, 1938, p. 133), so that the au- 
thor feels that the presentation of a 
method based on Krumbein’s simplified 
theory is justified. 

The bias corrections derived by Krum- 
bein are limited by the fact that they can 
be applied only to measurements grouped 
into equal arithmetic class intervals. Be- 
cause the size-frequency distributions of 
many sediments approximate a normal 
curve when a logarithmic scale is used, 
it has become the common practice to 
use such a scale in constructing histo- 
grams and cumulative curves. There is 
thus a pressing need for a set of bias cor- 
rections that can be applied to logarith- 
mically grouped thin-section measure- 
ments, in order that the results may be 
compared with the large body of pub- 
lished mechanical-analysis data. Conse- 
quently, such a set of corrections js de- 
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rived in the second part of this paper, and 
in the third part the method for recon- 
structing the total logarithmic distribu- 
tion is given. The values given in these 
two sections are derived for the ¢ scale 
in particular, but it is shown that they 
can be easily recalculated so as to apply 
to any other logarithmic scale. 


RECONSTRUCTION OF THE ORIGINAL TOTAL 
ARITHMETIC DISTRIBUTION 


In making a thin-section size analysis, 
the long diameters of a sufficiently large 
number of grains are measured, and the 
measurements are then grouped into 
classes with intervals of equal size, so 
that the class limits of successive groups 
are O-7;, Where r, is the 
largest size observed. The thin-section 
number frequency of grains in the classes 
by Q:, Q.,..., Qn, respectively. Because 
r, is the largest size observed, we can as- 
sume that it is also approximately the 
largest size present in the actual popula- 
tion. We can also assume, without intro- 
ducing much error, that the actual popu- 
lation consists of a certain number-fre- 
quency, F(r,), of grains of uniform di- 
ameter 7,; a number-frequency, F(r,_:), 
of grains of uniform diameter r,_,; and 
so on. Under these conditions the section- 
ing process will tend to distribute each 
group of grains of uniform size according 
to the curve 

P(x) = 
so that integration of this curve between 
any two limits, r. and ry, will give the 
relative frequency of grains of any r hav- 
ing thin-section diameters in the interval 
r,-r». Also, thin-section diameters in the 
class r,-.-% Will be produced only by 
grains of actual size r,; those in the class 
1,-2%n-. Will be produced by grains of 


MECHANICAL ANALYSIS OF SEDIMENTS 


actual size r, and r,_,; and, in general, 
those in any size class will be produced 
only by those grains in the original popu- 
lation of size equal to and larger than the 
upper limit of that class. 

We can therefore set up the following 
series of equations: 


r 


xdx 


xdx 


=F 


r 
np 


-+Q, = F ( f 


xdx 


x P4 


The desired values F(r,,), 
F(r,~»s,) can be found from these equa- 
tions, inasmuch as the solutions are given 
in terms of the observed thin-section 
number-frequencies and the diameters 
selected as the class limits. However, in 
this form the calculations become tedious 
because we must square and extract 
square roots of diameter values which are 
probably two-place decimals. Also, be- 
cause of the fact that the multipliers of 
each F(r) are expressed in terms of the 
class limits selected, we will have to cal- 
culate these multipliers anew for each 
set of data except, of course, for those 
which have the same class limits. It 
would therefore be convenient if we could 
express these multipliers as values which 
are independent of the particular class 


=+F (r,, 


xdx 


/ _? 


0, 
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limits selected. The values could then be 
set up in tables and used for any set of 
thin-section data, no matter what the 
class limits or class interval. 

To make this simplification, we note 
that any limit diameter is a function of 
the class interval C, so that, if we take 


1) 
x 


~+F (4, 1) 
z* 


p rd 

= a= 
V1 


n—prl 


1 pl 


zero as the lower limit of the first inter- 
val, we have 


Substituting these values for r,, 7,—,, 
..%n—p+s in the above equations, we 
obtain 
V2n—1 
=F (r,) 
V2 (2n —2) 


V2(n—1) 
n—1 


| 

: 
I, ln 
=C 
fg = 2C 

n= 

r, = nC 

—1 

{ 
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On +QOn-1 +On 2=F(4#,)- 3) 


QO, + On os pti =F ( — 
‘(p—1) [2 (n — 1) — 


n—1 


+ F ( ly 1) 


The multipliers of each F(r) are now 
expressed as functions only of the integer 
n, which is obtained for each thin-section 
distribution by dividing the upper limit 
of the class of largest size by the value of 
the class interval. More simply stated, 
n is precisely the number of classes in the 
distribution, with the understanding, of 
course, that we begin our count with the 
class having zero as the lower limit, 
whether any grains are observed in this 
class or not, and continue on up to and 
including the class of largest size. 

It should be observed that all the mul- 
tipliers are found from the simple for- 
mula [Ws(2n — s)]/n; the multipliers of 
F(rn-:), are ob- 
tained merely by substituting  — 1, 
p+ 1 form in this for- 
mula. The integer s takes the value 1 
when the F(r) operated on by the multi- 
plier first appears in an equation of the 
series and increases by 1 in each subse- 
quent equation. Thus, for F(r,,), # in the 
formula is precisely m, and s is successive- 
ly 1, 2, 3,..., p in the first, second, 
third pth equation. For F(r,-.), 
is replaced by m — 1, and sis 1, 2, 3,..., 
p-—1 in the second, third, fourth, 

, pth equation; for F(r,_.), m is re- 
placed by m — 2, and s is 1, 2, 3,..., 
p — 2 inthe third, fourth, fifth, , pth 
equation, and so on. 


——+F(r 1) 
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V2[2(n—1) —2] 
n—1 


? 
#0 


n—2 


—p) 


v (p—2)[2(n—2) —(p—2)) 
n—2 
Vv /2(n — p +1) 


+. +F(r, p+1) - n—p+l1 


It is apparent that the formula can be 
interpreted in the following way. If we 
divide Krumbein’s curve 


P(x) = 


which gives the thin-section size distribu- 
tion of spherical grains of uniform diam- 
eter, into ” equal intervals, the formula 
gives the probability that the observed 
thin-section diameters will fall within s 
intervals of the true diameter. Therefore, 
in setting up the equations for calculat- 
ing the various F(r)’s, the P(x) curve for 
grains of diameter r, has been divided 
into # intervals, the curves for grains of 
diameters 7n_1, fn—2, in Order 
to have the class limits of each curve co- 
incide, have been divided into m — 1, 
n—2,...,%—p+1 intervals. The 
equations thus state that the observed 
cumulative frequency of grains with sizes 
between r,_, and r, is the sum of ap- 
propriate portions of p P(x) curves. 

The values of [Vs(2m — s)]/n for any 
n and s are easily calculated and can be 
set up in a table which can be used for 
any number of thin-section distributions. 
Such a table is table 1, where the values 
up to # = 1o are given to three decimal 
places. In actual thin-section measure- 
ments » will probably rarely exceed ro, 
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but in any case the table can easily be expanded when necessary by means of 
the basic formula. 
TABLE 1 


VALUES OF s(2n — s) 


-o00000000 


Because the multipliers of F(r) are precalculated constants, the equations 
have the form 


p A,F ( + B,- iF (7,-1) 


+C, oF (4, + VF (47, 2) +Z,F (1, pti), 


so that 


) 
r,) _ Ur 
A, 


) +0, (r,) 
B, ’ 


+1 
QO; — [ApF (rn) + + 
For example, if m = 10, we have, using the values in table 1, 
Ow 
0.436" 
+Qy — 0.600F 
F (7) — {O.714F (ry) +0.628F (7) | 
0.484 
_ Qo + +Os +0; — [0.800F ( +0.745F (ry) +0.661F (rs) | 


0.515 


F ( 10) 


F ( 


F (r-) 


= 
n 
10 9 8 7 6 5 | 4 3 2 
436 | 0.458 | 0.484 | 0.515 0.553 | 0.600| 0.661 0.745 0.866 1.000 
600 0.628 0.661 ©.700 | 0.745 | 0.800 0.866 0.943 1.900 | 
714 0.745 | «0.781 | 0.821 | 0.866 0.917 | 0.968 1.000 
800 0.831 | 0.866 0.904 | 0.943 0.980 1.000 
866 | 0.896 0.927) 0.958 0.986 | 1.000 
917 0.943 | 0.968 ©.g90 1.000 
7 054 | 0.975 | 0.992 1.000 
8 gso ©.904 1.000 
000 | | 
| 
A, 


452 


In this form the equations are well 
adapted for convenient and rapid slide- 
rule calculations of the various F(r)’s. 
The paper is divided into ten columns 
(again taking as our example the case for 
n = 10). At the head of each column, the 
value of SQ is written down—Q),, in the 
first column, Q,. + Q, in the second, etc. 
F(r,.) is then found by dividing Q,. by 
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tracting the two quantities in the second 
column and dividing the difference by 
0.458. Again without disturbing the set- 
ting, the hairline is moved, in turn, to the 
remaining values in the m = 9 column of 
table 1, and each product is written 
down, in turn, in the remaining columns. 
As this process continues, the third col- 
umn will contain two products, the 


TABLE 2 


TOTAL DISTRIBUTION OF ST. PETER SANDSTONE 


Loose Grains | Thin-Section 
Number- Number- 
Frequency* Frequency* 
(Per Cent) (Per Cent) 


} Reconstructed 
Data Number- 
Frequency 
(Per Cent) 


Class Limits 
(Mm.) 


12-0.10 


16-0. 20 


20-0. 24 


24 


* Data from Krumbein (1935). 


0.436.. Now, without disturbing the set- 
ting of the slide rule, F(r,.) is multiplied, 
in turn, by all the remaining constants in 
the x = 10 column of table 1 by moving 
the hairline to 0.600, 0.714, . . . , 1.000. 
The resultant products are written down 
in the appropriate columns—o.600 F(r,.) 
in the second column, 0.714 F(r,o) in the 
third, etc. 

The value F(r,) is now found by sub- 


°.28 


fourth three products, the fifth four prod- 
ucts, and so on, so that we need only sum 
these products, subtract the sum from 
the value of SQ at the head of the col- 
umn, and divide the difference by the 
appropriate constant found in table 1. 
This procedure is continued until the 
sum of the products in a column is equal 
to or exceeds the value of =Q at the head 
of that column. The values of F(r) thus 


Re 
4 
| 
0.00-0.02 
12.5 ©.04-0.08 | 
4.2 | 
5-3 23.0 ©.08-0.12 | 
0.10-0.14 15.9 
32.9 7.3 
: 0.14-0.18 | 27.9 
26.0 20.4 
| o.18-0. 22 27.4 
14.5 7-9 | 
©. 22-0. 26 10.3 
10.5 “7 on 
0. 20-0. 30 6.6 
4-9 2.6 ©. 28-0. 32 
©. 30-0. 34 4.0 
4-3 1.5 ©. 32-0. 36 
©. 34-0. 38 3.0 
1.3 0.3 30-0.40 
©. 38-0. 42 0.7 
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found will, in general, total to a little 
more than 100 per cent, largely because 
the thin-section distribution of each 
group of grains of uniform size will devi- 
ate somewhat from the theoretical dis- 
tribution given by the P(x) curve. In this 
event the values of F(r) are recalculated 
to 100 per cent to give the final recon- 
structed distribution. 
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are compared with those of the loose- 
grain samples in figures 1 and 2. 

In plotting the cumulative curves and 
calculating the moments of reconstructed 
data, it must be remembered that, be- 
cause of the original assumption of 
groups of grains of uniform size, F(r;), 
F(r,),...,F(r,) are to be regarded as 
number frequencies in the size classes 


TABLE 3 


Thin-Section 
Number- 
Frequency* | 
(Per Cent) | 


Loose Grains 
Number- 
Frequency* 
(Per Cent) 


* Data from Krumbein (1935). 


Tables 2 and 3 show the results ob- 
tained by applying this method to the 
data for the St. Peter sandstone and the 
reworked glacial sand given in Krum- 
bein’s paper. Table 4 shows in detail the 
steps in the calculation for the reworked 
glacial sand. The first and second mo- 
ments of the reconstructed distributions 
are compared with Krumbein’s results 
in table 5, and, finally, the cumulative 
curves based on the reconstructed data 


TOTAL DISTRIBUTION OF REWORKED GLACIAL SAND 


| 

Reconstructed 

Data Number- 
Frequency 
(Per Cent) 


Class Limits 
(Mm.) 


wher? 7,, 72,...,%» are the respective 
mid-points. For this reason the cumu- 
lative curves rather than the histograms 
are compared here because the recon- 
structed histograms are displaced by 
half a class interval from those of the 
thin-section and loose-grains data. How- 
ever, in thin-section studies where no 
loose-grains samples are available, either 
the histogram or the cumulative curve 


| 
| ©.00-0.06 
0.06-0.18 
1.9 15.0 0. 12-0. 24 
22.3 | 45-5 | 0.24-0.36 
| | 0. 30-0. 42 48 
42.1 22.4 0. 36-0. 48 | j 
0.42-0.54 27.3 
21.0 9.6 0. 48-0.60 
©. 54-0.66 13.3 
7-6 3-9 | 0.60-0.72 
0.66-0.73 | 5.8 =a 
| °.9 0. 84-0.96 | 
| ©.90-1.02 | 1.8 
| |... 
100.0 | | 100.0 
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TABLE 5 


COMPARISON OF THE MOMENTS OF THE THIN-SECTION, LOOSE-GRAIN, 
AND RECONSTRUCTED DISTRIBUTIONS 


Error | Error 
Calculated | Observed (Per Cent) Data (Per Cent) 


St. Peter sandstone: 


0°. 189 0.193 
0.0305 0.0415 


0.448 0.456 
0.218 ©. 230 


* Data from Krumbein (1935). 


NUMBER FREQUENCY (%) 


 THIN-SECTION 
—?®— LOOSE GRAINS 
RE®ONSTRUCTION 


28 


GRAIN SIZE (MM) 


Fic. 1.—Cumulative curves for the St. Peter sandstone 


| be 
rirs @.149 —2.0 0.191 —1.0 
—4.8 | 0.0409 —1.4 
| 
: Reworked glacial sand: we 
First. . 0.353 —1.8 | 0.463 +1.5 
; . 
t 
50 i 
/ 
/ 
aff 
Oo 04 08 42 146 20 24 32 36 40 44 
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or both can be plotted from the recon- 
structed data. 

It should also be noted that Krum- 
bein’s number-frequencies have here 
been converted to percentage frequen- 
cies, again for comparison purposes, but 
the method presented above will work 
equally well for frequencies expressed in 
terms of the original grain counts. 


BIAS CORRECTIONS FOR LOGARITHMI- 
CALLY GROUPED DATA 


The bias corrections for logarithmical- 
ly grouped thin-section measurements 
can be obtained fairly readily by a trans- 
formation of Krumbein’s equations. In 
particular, the basic equation, 


xdx 
P(x) dx = 
rvr—x 
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is obviously valid whether we plot x 
arithmetically or logarithmically ; conse- 
quently, it can be transformed to a func- 
tion of ¢ by substituting for 7 and x their 
definitions in terms of ¢, namely, 


The equation then becomes 


xdx 


In 


/2-% — 2-%’ 


=P(o’') dd’. 


The mathematical development now 
proceeds in much the same manner as for 
Krumbein’s arithmetic case; for, denot- 
ing the ¢ distribution of the thin-section 
diameters by Q(¢’) and the ¢ distribu- 


NUMBER FREQUENCY (%) 


THIN-SECTION 
LOOSE GRAINS 
RECONSTRUCTION 


96 108 120 


GRAIN SIZE (MM) 


Cumulative curves for the reworked glacial sand 
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tion of the true diameters by F(@), we have 
QO (¢') do’ =P (¢') do'de, 


and the integral equation leading to the desired solutions becomes 


= Po) F (6) do'de 
—& 


The substitution 2-* = 2~* sin @ into the integral inside the brackets trans- 
forms the equation into 


(¢')"0(9') dg’ = In 2—Insin 6)" sin @ do|d¢ 


o 
= @ 20° f sin 6d0—n(q@ In 2)” (In sin @)sin 6 dé 
8) 


(@ In 2) (In sin 6)? sin 6 d@ 


/2 
(In sin 6)” sin 


If we define 


=f (In sin@)" sin 


0 


and remember that 


dd’ =v, (i-e., the nth moment of the thin-section distribution) , 


J “OF (od) dd =», (i.e., the nth moment of the true distribution) , 


we have, from the above equation, 
n(n—1) K: 
n(n—1)(n—2) Ks K,-1 K, 


ne+- 


J (O°) — 2-0 do 

| 
| 
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Thus the mth moment of the thin-sec- constants. Consequently, to complete the 
tion distribution is given as an equation _ solution, the definite integral 
of + 1 terms involving all moments 
of the true ail having as x= (in sin @)* sin 6 
coefficients the binomial coefficients of must be evaluated. 
the expansion of a binomial to the nth For n = 1 the expression for K, can be 
power and an as yet undetermined set of integrated by parts and yields 


K,= (insind) sin 6 d6=in 2—1 = — 0.307, 


0 


For n > 1 the expression cannot be integrated directly; however, its value is 
given by ? 


= pa (1+ 


The sum inside the parentheses is an in- negative. Because in the expression for 
finite series which can be shown to be »,,4: the positive terms have A with an 
convergent, so that K, can therefore be even subscript and the negative terms 
calculated to any desired accuracy by have A with an odd subscript, we can 
taking a sufficient number of terms. make all the signs positive and drop the 

It is apparent that, when is even, factor (—1)" from the formula for A,. 
K,, is positive and, when m is odd, K, is We then have, as the complete solution, 


K, n(n—1) Keo 
_n(n—1)(n—2) Kz; K,, 
3! (In2)3 (In2)” 


where 


1 1-3-5-., (2N—1) ) 


? Bierens de Haan (1858, p. 215) gives - — 


the expression for A, we substitute +=sin @, we ob- 
1 tain 
0 K, = f (In sin @)" sin 6 d@ 
n x n ( 
\n/(p+nq) -f (1 — x?) (In x) "dx. 


This is the integral given by De Haan with g=2, 

where the symbol / a \ indicates the nth coefficient a= — 4, p=2, b=n, and n=N, so that, by substi- 
n tuting these values in the solution and simplifying, 

co; the expansion of a binomial to the ath power. Ifin we arrive at the expression given in the text. 
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For the first four moments we have 


K, = 0.307, K:= 0.272, 
so that 


Vig’ =Viet =vie+ 0.443 


K; = 0.389, K,= 0.763; 


= + 0. 88 0. 506, 


Tin 2)?** Tin 


4K, 


= + 1.32 1.698r6+ 1.168 


Ky 


4K; 
2)? (in. net - (In 2)4 


= + 1.77 + 3.396029 + 4.67 + 3.305 . 


When using these formulas it is neces- 
sary to select a class interval at least as 
small as half a @ unit in order to obtain 
sufficient accuracy in the calculated val- 
ues of the first and second moments. The 
reason for this is that the P(¢’) curve de- 
scends so sharply that, for grains of uni- 
form size, 86.6 per cent of the thin-sec- 
tion diameters will fall within one @ unit 
of the true diameter. Consequently, most 
of the grains are not spread over a suffi- 
cient number of size classes, and, as a re- 
sult, considerable error is introduced in 
computing the moments by assuming, as 
is the practice, that all the grains of this 
group have sizes equal to the mid-point 
of a class as large as one ¢ unit. 

It should also be pointed out that if, at 
the outset, logarithms to the base a, 
rather than to the base 2, were used in 
the derivation of the equation relating 
the moments of the thin-section and true 
distributions, the only change in the final 
result would be the appearance of In a 
in place of In 2 in the denominator of 
each term. The binomial coefficients and 
the constants, K,, K.,..., A,, are inde- 
pendent of the logarithmic base used. 


= 


For this reason the equation is valid for 
any logarithmic scale; for the @ scale the 
equation remains as shown above, for the 
Atterberg scale In 2 is replaced by In 10, 
and, in general, for any logarithmic scale 
the In 2 is replaced by In a, where a is 
the logarithmic base used. Thus, al- 
though the numerical values of the cor- 
rection factors given above apply only 
to the @ scale, the values for any other 
logarithmic scale can be easily and rapid- 
ly computed if for any reason the use of 
such a scale seems desirable. 


RECONSTRUCTION OF THE ORIGINAL TOTAL 
LOGARITHMIC DISTRIBUTION 


The method of reconstructing the total 
distribution and frequency curves of a 
set of thin-section size measurements is 
much the same for the logarithmic case 
as for the arithmetic case, so that the as- 
sumptions and notation used in the latter 
connection will be used here. However, 
whereas in the arithmetic case the class 
limits have a constant difference C, in the 
logarithmic case they have a constant ra- 
tio g, so that 


= q? 
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r, being, as before, the upper limit of the class of largest size. We can then write 
immediately 


V — x* 


xd x xdx 
On +Qn > (na) f 
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these equations become 
Qn = MiF 
Qn + Qn—1 = M2F + MF 
On + Qn-1+Qn—2= (75) 
+ MoF (1,-1) + MiF (7-2). 


If we set 


+1 
= MF +My (15-1) 


i=n 


+ M,-2F ( r,.-2) eee + ~p+1) 


xdx 
| 
M,=NWN1-— , 
M:=WN1-—s. 


MECHAN ICAL ANALYSIS OF SEDIMENTS 


This form is almost identical with that 
of the arithmetic case, the chief differ- 
ence being that here the same set of mul- 
tipliers applies to all the F(r), whereas in 
the arithmetic case the value of the mul- 
tiplier depends upon the subscript of r. 
Consequently, the calculation of the val- 
ues of F(r) is carried out by slide rule in 
the manner outlined elsewhere in this pa- 
per and need not be repeated here. The 
values of M for various g values are 
shown in table 6. 

The quantity q, we find, is 


om —_ — Fn — 


where C, is the class interval in @ units. 
From this we see that, as in the case of 
the logarithmic bias corrections, the 
method can be applied to data plotted on 
any logarithmic scale because, for a scale 
using logarithms to any base a, we have 


where, again, C, is the class interval in 
6 units, which are negative logarithms to 
the base a. For the Atterberg scale, for 
example, 


If the ¢ scale is used, C, should be at 
least as small as } in order to obtain 
enough classes to give sufficient accuracy. 
In this case g has the value 23. 

It should also be remembered that, in 
plotting the frequency curves and in 
computing the moments, the values 
F(r,), . ., a8 in the case of the 
arithmetic scales, are to be regarded 
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as the number-frequencies in the clas- 
ses (n—1) 41/274 (n—1)—1/ 2) 
where fn, fa-1,.-., are the respective 
mid-points. This will have the effect of 
shifting the classes of the reconstructed 
histogram half a class interval to the 


TABLE 6 


VALUES OF 


\ 


Crass INTERVAL 
(@ Untrs) 


2. 
5. 
6 
8. 
9 
° 


left if, as is customary, the @ values on 
the abscissa increase toward the right. 
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LOWER PLEISTOCENE STRATIGRAPHY AND THE PLIO-PLEIS- 
TOCENE BOUNDARY IN NORTHWESTERN GERMANY’ 


DANIEL WIRTZ AND HENNING ILLIES 
Geologisches Staatsinstitut, Hamburg, Germany 


ABSTRACT 


A succession of Crag deposits is described from the island of Sylt (coast of Schleswig, northwestern 
Germany). These record, in part, the hiatus between the marine Pliocene and the Mindel (Elster) glaciation 
in this region. The succession consists of a marine sandstone at the base, estuarine sands in the middle, and 
fluviatile sands and gravels on top. The marine deposit at the base is contemporaneous with the Waltonian 
Crag of England; its top marks the beginning of the Pleistocene. 

Sedimentation was controlled by a system of streams issuing from Scandinavia. Owing to a rejuvenation 
of the reiief and increased precipitation, the whole of northern Germany became a vast aggrading river plain. 
The deterioration of climate contemporaneous with the deposition of the fluviatile member is correlated 
with the Giinz glaciation of the Alps, on the one hand, and with the cold phase observed in the Dutch and 
British Icenian, on the other. Local mountain glaciation in Scandinavia at this time is probable, although 


unproved; but no ice sheet of that phase ever reached northern Germany. 
It is proposed to take the outcrops of the island of Sylt as the standard section for the Plio-Pleistocene 


boundary in northwestern Germany. 


INTRODUCTION 


Glacial deposits of the Mindel (Elster) 
glaciation have been certainly identified 
in northern Germany. Laid down by the 
oldest Scandinavian ice sheet, they cover 
strata of quite different ages. Between 
the Upper Miocene marine mica clay and 
the Mindel boulder clay, undisturbed 
sections show a succession of sandy sedi- 
ments which, up to now, have been re- 
garded generally as “Pliocene.” The pos- 
sibility of preglacial Pleistocene deposits 
has not yet been considered by investi- 
gators in northwestern Germany. 

In southeastern England, as well as in 
the Netherlands and Belgium, consider- 
able parts of the Crag succession are now 
regarded as Lower Pleistocene. In addi- 
tion, the discussion in Section H of the 
International Geological Congress in 
London, 1948, revealed that there was 
both a marine and a terrestrial sedimen- 
tation in southern and western Europe 
between the end of the Pliocene and the 
onset of the first powerful glaciation. 


* Manuscript received July 14, 1950. 


Thus in northwestern Germany—the 
area nearest to the Scandinavian center 
of glaciation—a stratigraphic revision of 
the above-mentioned complex is ur- 
gently needed. 

Between the Oder River and the North 
Sea there is a series of well-known fluvia- 
tile sands, the so-called ‘“Kaolin-Sands,”’ 
the exact age of which was unknown. At 
one locality only—the island of Sylt off 
the west coast of Schleswig—those sands 
are associated with a marine fossiliferous 
bed, the so-called Limonitsandstein. There 
the succession, exposed in a sea cliff, over- 
lies a Lower Pliocene marine mica clay 
and is covered by a Mindel (Elster) boul- 
der clay. In 1921 Gripp described the 
fauna of the Limonitic Sandstone, and, 
according to the stratigraphic views of 
that time, he believed it to be Lower 
Pliocene in age; the Kaolin-Sand was, 
therefore, Upper Pliocene. Study of other 
outcrops of the Kaolin-Sand in northern 
Germany dealt more with its petrology 
and origin than with its stratigraphy. 
Thus P. G. Krause (1933) explained the 
formation as a product of a wide-ranging 
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river system radiating from the Scandi- 
navian shield during Pliocene times. 
Both Hucke (1928) and Stolley (1929), 
from the large content of pebbles, proved 
the drainage to be centered in the middle 
Baltic. Summarizing all known evidence, 
K. Richter (1935) believed he had con- 
vincing arguments to explain the deposit 
as a mass transport by an early glacia- 
tion, which he called “Baltic glaciation,” 
of Pliocene age, following Gripp’s pre- 
vious dating. Wirtz (1949) revised the 
marine fauna of the Limonitic Sandstone 
and found it to be the equivalent of the 
Waltonian Crag of East Anglia. Thus 
the lower limit of the succession under 
discussion has been fixed stratigraphical- 
ly. Illies (1949) studied the character and 
the environments of the sedimentation 
in the upper part of the complex. 

The two present authors intend to 
summarize all available evidence and to 
throw some new light on the stratigraphy 
and paleogeography of the oldest Pleisto- 
cene deposits of northwestern Germany. 
Further problems to be dealt with are 
(1) the exact position of the Plio-Pleis- 
tocene boundary in the southwestern 
neighborhood of Scandinavia within a 
preglacial, but yet Pleistocene, succes- 
sion and (2) the climatic conditions and 
possible glaciations during the earliest 
Pleistocene. 


THE SECTION OF THE MORSUM CLIFF 
ON THE ISLAND OF SYLT 


The Morsum Cliff is situated north of 
the Noesse Inn on the eastern part of the 
island of Sylt, only a few miles from the 
German-Danish border. The section was 
studied anew in 1948-1949. It has a 
length of about 300 meters, a height of 
9 meters, and it runs from the east to the 
west. The following strata were observed 
from east to west as shown in figure 1: 
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a) Marine mica clay with marly concretions, 
glacial thrust 

f) Kaolin-Sand (5 meters thick) 

e) Silt, clayey in some cases (35 meters thick) 

d) Limonitic Sandstone, marine, with lenses of 
sideritic sandstone (20 meters thick) 

c) Basal conglomerate (0.30 meter thick) 

6) Sandy mica clay, unfossiliferous (10.0 meters 
thick) 

a) Marine mica clay with marly concretions 

The strata west of the thrust (a—f) dip 

12° N.E. 

The structure is due to glacial tilting, 
but the series a-f is undisturbed within 
itself. The Kaolin-Sand, which at the 
Morsum Cliff came to its present level 
mainly by glacial thrusting, rises upward 
into the overlying moraines at a great 
many points on the island; its average 
thickness is 20-30 meters. 

The whole series is here termed the 
“Crag of Sylt.” It is also known from a 
number of borings on the mainland of 
Schleswig (Heck, 1942). The thicknesses 
measured at Sylt agree with those found 
in borings, and they have the average 
values given in the accompanying tabu- 


lation. 
Meters 
20-30 
2§-35 
10-20 


f) Kaolin-Sand.... 

d) Limonitic Sandstone 
c) Basal conglomerate 


The details of the Crag series follow. 
The base of the series is underlain by 
fine, bedded, sandy mica clay which 
passes downward into a dark fossiliferous 
mica clay with marly concretions (a). 
The boundary between the mica clay and 
the Crag is a sharp one in all cases. At 
places there occurs a basal conglomerate 
(c) containing casts of marine mollusks, 
pebbles of quartz up to 2.5 cm. in size, 
and pebbles of limonite and mica clay. 
The limonite and mica-clay pebbles are 
flat and ellipsoidally shaped. Secondary 
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constituents are limonite, phosphorite, 
and vivianite. At other places the Crag - 
begins with the Limonitic Sandstone (d), 
a sediment which consists of a fine- 
grained quartz sand cemented by limo- 
nite. Layers of sideritic sandstone occur 
regularly, spaced 1 meter apart. About 
15 meters above the base there is a sec- 
ond pebbly bed, cemented by siderite 
and very fossiliferous. The pebbles are of 
quartz, up to 5 cm. in size, and of silici- 
fied Silurian limestone of Scandinavian 
origin. The mollusks are preserved as 
casts and enriched in a sort of pavement. 
Bones of fishes and marine mammals 
form a bone bed. The ferritization grad- 
ually decreases upward, and in the upper 
Limonitic Sandstone iron is to be found 
mainly in joints of the rock. There the 
Limonitic Sandstone grades upward into 
the silt beds (e), clearly bedded silty 
sands with some clay bands. The silts, in 
turn, grade up into the Kaolin-Sand 
proper (f), which can be distinguished 
easily from the silt by its cross-bedding, 
more numerous pebbly and gravelly 
layers, content of white, dusty kaolin, 
and thoroughly leached grains of feld- 
spar. The sands are coarse or medium- 
grained and contain concentrations of 
magnetite and ilmenite (Wetzel, 1929). 
The gravels consist of well-rounded 
quartz pebbles, some of which have a 
diameter of 8-10 cm. Silicified debris of 
Silurian limestones even reaches 15 cm. 
in size. 

The Kaolin-Sand is covered by rem- 
nants of a heavily weathered Mindel 
(Elster) moraine and a Riss (Saale) 
boulder clay. 


> 


til 


1 


Ax we ill 


; 6, sandy mica clay; ¢, basal conglomerate; d, Limonitic Sandstone; ¢, silt, clayey in 


THE PLIO-PLEISTOCENE BOUNDARY 


Wirtz (1949) compared the molluscan 
fauna of the Limonitic Sandstone with 
that of the underlying mica clay and with 
the Crag fauna of East Anglia. He found 


Fic. 1.—Profile at Morsum Cliff on the island of Sylt. a, mica clay 


some cases; and f, Kaolin-Sand. 


465 
| 
| | 
f 
| t 
| 
NZ 


466 


the similarity of the indigenous fauna of 
the mica clay to be less pronounced than 
Gripp formerly had supposed. Numerous 
species, however, were proved to be com- 
mon with either the Coralline Crag or the 
Waltonian Crag or with both. Details 
and a faunal list are to be found else- 
where (Wirtz, 1949). The faunal rela- 
tions with other beds of the Crags in the 
North Sea area are as follows: Of the 29 
determinable species of the Limonitic 
Sandstone of Sylt, 42 per cent occur in 
the mica clay of Sylt; 48 per cent in the 
upper Diestian of Belgium; 58 per cent in 
the Gedgravian; 65 per cent in the Boy- 
tonian; 76 per cent in the Waltonian; 62 
per cent in the Upper Red Crag; 42 per 
cent in the Mediterranean ‘‘Pliocene’’; 38 
per cent are still living; 38 per cent occur 
in the Helvetian (Middle Miocene) of 
north Germany ; and 48 per cent occur for 
the first time in the Tortonian (Upper 
Miocene) of north Germany. 

Leading species are Corbulomya com- 
planata Sow., Nassa reticosa var. costata 
Wood, and Searlesia aff. costifer (Wood). 

The highest percentage of common 
species doubtless occurs in the Waltonian 
Crag of East Anglia, which, according to 
the microfaunal evidence studied by Van 
Voorthuysen (1949) and by Van Voor- 
thuysen and Pannekoek (1950) is the 
equivalent of the higher Scaldisian or 
Poederlian of Belgium and Holland. 
However, there is a close relation to the 
Boytonian (Upper Coralline) Crag. But 


DANIEL WIRTZ AND HENNING ILLIES 


the occurrence of C. complanata argues in 
favor of a slightly younger age of the 
Waltonian, although an exact correlation 
at such a great distance, of course, can- 
not be proved. The age of the fauna 
of the Limonitic Sandstone, therefore, 
roughly corresponds to the boundary be- 
tween the Coralline Crag and the Red 
Crag. 

Whether the fauna is Upper Pliocene 
or Lower Pleistocene in age is a matter 
of definition. As shown by the discussion 
in Section H of the International Geo- 
logical Congress, 1948, there is no una- 
nimity as to where to draw the boundary 
in the English Crag. More recently Van 
Voorthuysen and Pannekoek (1950) have 
shown that the influx of northern Foram- 
inifera in the Dutch and British Scal- 
disian and Waltonian has been more dis- 
tinctive than that of the mollusks, which 
apparently react more slowly to climatic 
and environmental changes. These au- 
thors are inclined to consider the upper 
limit of the Scaldisian-Waltonian as the 
Plio-Pleistocene boundary. If we agree 
with them, then the Limonitic Sandstone 
still belongs to the uppermost Pliocene. 
The present authors suggest, therefore, 
that the top of the Limonitic Sandstone be 
taken as the Plio-Pleistocene boundary. 


CONDITIONS AND ENVIRONMENTS 
OF SEDIMENTATION 


The oldest bed exposed in the section 
of the Morsum Cliff is a dark mica clay 


PLATE 1 


A, Section in the Kaolin-Sand at Braderup, Sylt. The common change of cross-bedded sand layers and 


pebble horizons is clearly visible. 


B, Rotes Cliff near Wenningstedt, Sylt. Cross-bedded Kaolin-Sand is covered by boulder clay of Riss 
(Saale) age. At other localities on Sylt heavily weathered remnants of Mindel (Elster) boulder clay have 
been observed between the two units shown in this photograph. 


C, Pebbles from the Kaolin-Sand. In the upper part: markedly rounded quartzes; in the lower part: less 
rounded, silicified Silurian limestones from Scandinavia. 
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containing abundant calcareous shells 
and Foraminifera. It is the youngest 
member of the succession of mica clays 
in the eastern portion of the North Sea 
Basin, the sedimentation of which ranged 
in age from the Tortonian (Upper Mio- 
cene) to the Diestian (Lower Pliocene). 
Fine-grained clastic sediments, laid down 
through a relatively long time, reflect the 
maturity of the relief on, and the stabili- 
ty of environmental conditions around, 
the Scandinavian shield. A sharp bound- 
ary separates this Pliocene succession 
from the overlying Limonitic Sandstone. 
The later, cross-bedded and beginning 
with a conglomerate, is a sediment of a 
shallow sea, laid down in strongly mov- 
ing water with a considerable offshore 
transport of sand. Extensive peat must 
have been formed on the landward mar- 
gin, and, as happens in cool and humid 
regions, much iron was dissolved and car- 
ried into the sea, thus cementing the lit- 
toral sediments. The pebbles of the 
Limonitic Sandstone are of rounded 
quartz, silicified Silurian limestone, un- 
weathered granite, and fresh feldspar. 
The same association of pebbles occurs 
in the Kaolin-Sand, but in the latter all 
rock debris is heavily corroded. All 
pebbles have been transported by rivers 
from an area in the middle Baltic. 

The overlying silts are not the prod- 
ucts of a purely marine environment; the 
sediments are, instead, of an estuarine 
character and probably were laid down in 
a river delta. 

The overlying Kaolin-Sand is definite- 
ly of a fluviatile origin. Its cross-bed- 
ding indicates a flow to a northern and 
northwestern direction (Illies, 1949). It is 
noteworthy that the accumulation of 
these river sands took place without any 
previous dissection. This would be im- 
possible except in a far-extended system 
of streams with a steep gradient in the 


drainage area and a very gentle one in 
the lower courses. There must have been 
a strong relative displacement of levels 
between Scandinavia and northern Ger- 
many after the uplift of the former. At 
any rate, the rivers coming from the 
north now carried their loads onto the 
dry bottom of the Pliocene sea which 
formerly covered northwestern Germa- 
ny. Precipitation, of course, must have 
been increased considerably. Thus the 
residual gravels, which had covered the 
deeply weathered Scandinavian shield 
since Tertiary time, gradually migrated 
southward. This is proved by the study 
of pebbles transported by the rivers— at 
first following the Baltic depression, then 
crossing the north German lowland west- 
ward, and eventually reaching the North 
Sea in the form of huge deltas. The coast 
at that time retired to a line far west of 
the present one. 

As in the case of those of the Limonitic 
Sandstone, the pebbles of the Kaolin-Sand 
can be grouped into well-rounded quartz 
and more or less angular rock debris. II- 
lies measured the average sphericity of 
50 pebbles of each group in each pebble 
layer. To express the roundness, the 
maximal projection area of a pebble is 
measured and taken as the cross-section- 
al area of a sphere. Roundness’ is then de- 
fined as the ratio of the volume of that 
sphere to the real volume of the pebble. 
The value is thus 1 for a spherically worn 
pebble and increases with less rounded 
pebbles. For measuring, pebbles of 14-34 
mm. were used. The figures obtained are 
found in table 1. 

The quartz pebbles are derived from 
veins in the metamorphic rocks of the 
Caledonian Mountains of Scandinavia. 
Pegmatitic quartz was not to be found. 


? The roundness as thus defined would be con- 
sidered as the reciprocal of the sphericity as defined 
by American works (see Krumbein, 1944). 
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Their shape, due to fluviatile rolling, is 
oviform or cylindrical. The length reach- 
es 16 cm. Most rounded are the pebbles 
of the basal conglomerate, the wearing 
of which was continued in the sea. If 
quartz pebbles of that sort occur so 
abundantly in river gravels, which have 
been carried through the Baltic depres- 
sion, we suggest that the Scandinavian 
drainage pattern of that time was similar 
to the present one. The amount of Scan- 
dinavian igneous rocks is much smaller; 
probably they were still covered by Pa- 


TABLE 1 
ROUNDNESS OF MEASURED PEBBLES 


Stratum Pebbles 


Kaolin-Sand....... 
Limonitic Sandstone. . 
Basal conglomerate. 


leozoic sediments and not yet exposed to 
erosion. 

The rock pebbles of the whole succes- 
sion are predominantly silicified Silurian 
limestone. Their surfaces are angular and 
rough, commonly bearing holes and 
caves, and of a porous and cellular struc- 
ture. Some of them look like slags. In the 
finer-grained classes abundant feldspar, 
in sharp-edged fragments, forms upward 
of 20 per cent of the whole sediment. 
Thus the contrast between rounded and 
angular components is increased. 

It has been difficult to explain the lack 
of roundness of the rock pebbles, es- 
pecially as the latter are not so hard as 
are the quartz pebbles. Some authors, 
therefore, thought of floating ice, which 
might have transported the pebbles over 
1,000 km. A simple argument, however, 
shows that it is not necessary to postu- 
late floating ice. The average weight of 
the rocks never exceeds that of the quartz 
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pebbles, which means that the size of the 
former exactly corresponds to the trans- 
porting power of the rivers. The rough 
surface often observed is due to an in- 
complete silicification which favored the 
dissolution of calcium carbonate by later 
diagenetic processes. 

However, two points should be em- 
phasized: (1) although the lower courses 
of the rivers had a small gradient, the 
transporting energy was high enough to 
carry debris of 15-cm. size, and (2) de- 
spite attrition, pebbles of 15-cm. size, 
found a distance of 1,000 km. from their 
parent-outcrops, mean an amazingly 
steep initial slope and high stream veloci- 
ties in the upper courses. We cannot yet 
abandon the idea that, at least in the up- 
per part of their course, the pebbles were 
carried by glaciers or floating ice in the 
drainage area. 

Much has been written on the silicifi- 
cation of the Kaolin-Sand. Today all 
limestone pebbles in this formation are 
completely silicified, this process evi- 
dently having happened in the parent- 
area of those rocks. This is proved by 
structures of colloidal diffusion of silica 
which have no relation to the present sur- 
face of the pebbles. It is therefore much 
more likely that the silicification is pri- 
marily a weathering feature of the Scan- 
dinavian peneplain dating back to the 
older Tertiary time. 

The preservation of the feldspars is 
interesting. Whereas those of the Limo- 
nitic Sandstone and the lower Kaolin- 
Sand are rather unweathered, the ones 
higher in the section are white and heavi- 
ly leached. Usually they are so much cor- 
roded that they fall into powder at a 
faint touch. Even bigger pebbles are in 
many cases strongly weathered, so much 
so that they could not undergo the slight- 
est mechanical strain by river transport. 
The minerals, therefore, must have been 
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corroded after the deposition of the 
Kaolin-Sand. As this corrosion increases 
upward in the section, it must have been 
a feature of weathering which descended 
downward from a former land surface of 
the time of the Kaolin-Sand or a later 
period (Koch, 1927). This hypothesis is 
proved by recent investigations of Wey] 
(1949), who found the heavy minerals of 
the Kaolin-Sand of Elmshorn, near Ham- 
burg, increasing in their decomposition 
upward. Secondary rinds of silica, which 
commonly are to be found covering the 
entire pebbles, might be explained by 
these processes of chemical weathering. 

In which environments are feldspar 
now strongly corroded and iron com- 
pounds removed? Certainly, where cir- 
culating waters charged with humic acid 
can affect a rock through longer times 
without getting neutralized. Probably 
peat deposition expanded quickly on the 
vast, decalcified gravel plains, thus 
starting the process of chemical weather- 
ing. This points to the same cool and very 
wet climate that has been postulated for 
explaining the formation of iron ore in 
the Limonitic Sandstone and, in prin- 
ciple, for understanding the vast aggre- 
gation of the Kaolin-Sand. 

With the Kaolin-Sand the Lower 
Pleistocene cycle of sedimentation in the 
area of Sylt is finished. In most places, 
the Kaolin-Sand is covered by a Mindel 
moraine and Riss boulder clay. 


CONCLUSION 


Outside Sylt there are numerous scat- 
cered outcrops of Kaolin-Sand in various 
parts of northern Germany. Although 
they do not differ lithologically from the 
Kaolin-Sand of Sylt, there has not been 
in any case a means to check their rela- 
tive ages. Nonetheless, considering the 
strong lithological resemblance, they 
might correspond roughly to the Crag 
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of Sylt. Contemporaneous fluviatile and 
marine sediments form an interdigitated 
succession in the region of the present 
North Sea; it is therefore difficult to find 
the exact age of an individual outcrop. 

Both facies together form the Crag 
succession of northwestern Germany. Al- 
though the stages recognized at Sylt re- 
flect not only the climatic but also the 
geomorphological development, a climax 
of the pluvial climate can hardly be de- 
nied for the upper part of the Kaolin- 
Sand. At that time, it should be remem- 
bered, pebbles up to 15 cm. in diameter 
were carried from central Scandinavia to 
the North Sea. Such a transport energy 
never has been reached before in the long 
history of the denudation of Fennoscan- 
dia. If it has been said before that local 
glaciations of the Scandinavian mountain 
range must be presumed with a certain 
probability, this suggestion fits well with 
what we knew previously about the 
climate of the Icenian in western Europe. 
In the Netherlands there are good rea- 
sons to correlate this cold phase with the 
Giinz glaciation of the Alps, whereas in 
East Anglia it has been called the cold 
phase of the Weybourne Crag. This is not 
the place to discuss the many unsettled 
problems of the Alpine Giinz or the still 
more obscure “‘Donau Glaciation.’’ One 
thing is certain, however, namely, that 
in northwestern Germany and in Scandi- 
navia a cool and wet climatic phase pre- 
ceded the Mindel glaciation, although no 
true glacial sediments found their way to 
northern Germany. Indeed, there is no 
evidence whatsoever for a climate more 
severe than cool-humid. 

It is difficult to explain why no traces 
of Giinz-Mindel interglacial deposits 
have been recognized hitherto in north- 
western Germany. Two possible explana- 
tions might be mentioned: (1) the change 
of vegetation since the Upper Pliocene 
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(in the new sense) was so slight that peat 
or brown coal of this interglacial perhaps 
is still undetected in the large number of 
terrestrial deposits of doubtful ‘‘Plio- 
cene”’ age, and (2) the fluviatile aggrada- 
tion of the Kaolin-Sand rivers might 
have been continued through the whole 
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Table 2 indicates the possible correla- 
tions of oldest Pleistocene and Pliocene 
beds in the regions bordering on the 
North Sea. 
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TABLE 2 


CORRELATION OF PLIOCENE AND PLEISTOCENE IN NORTH SEA AREA 


Island of Sylt 
(Northwestern 
Germany) 


Stages 


Mindel glaciation 


Giinz-Mindel inter- 
glacial 


Giinz-glacia- Kaolin-Sand | | 


tion 


Estuarine 
silts 


Pre-Giinzian 


First Cold Period 
of the Pleistocene 


Elster glaciation 


East Anglia 
(Southeastern 
England) 


Netherlands 
and Belgium 
North Sea gla- | 

ciation 


Cromer Forest 


> 


Taxandrian 


Weybourne 
Crag 

Chillesford 
Crag 

Norwich Crag 


Upper Red 
Crag 


Icenian 


Amstelian 


| 
| 


Plio-Pleistocene Boundary 


Limonitic 


Upper Pliocene Sandstone 


Hiatus 


Lower Pliocene 


Mica clay of Sylt 


Waltonian Poederlian 


Crag 
Coralline Scaldisian 
Crag 


Upper Diestian 


| Lenhamian 


Lower Diestian 


or a part of the Giinz-Mindel intergla- 
cial. Small seams of allochthonous brown 
coal commonly occur in the Kaolin-Sand. 
One could think that the formation both 
of peat and of kaolin was characteristic 
of the Lower Pleistocene environments 
before the onset of the first glaciation. 
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PYROXENES IN THE CRYSTALLIZATION OF BASALTIC MAGMA' 


A. POLDERVAART’ AND H. H. HESS? 


ABSTRACT 


The early and middle stages of crystallization of saturated basaltic magma are normally characterized 
by three reaction series; the two continuous series of plagioclase and of augite and the discontinuous series 
olivine- (orthopyroxene-pigeonite). Under high-temperature laboratory conditions there may be complete 
solid solution throughout the pyroxene field, as indicated by those portions of the field which have been 
investigated. At the lower temperatures of crystallization which obtain under magmatic conditions, it 
seems likely that there is limited solid solution in the pyroxene field. Thus two pyroxene phases, a Ca-poor 
and a Ca-rich phase, will normally crystallize in equilibrium with each other. These two phases may be 
considered to be diopside-hedenbergite with subordinate clinoenstatite-ferrosilite, and clinoenstatite- 
ferrosilite with subordinate diopside-hedenbergite in solid solution. The latter phase will appear as ensta- 
tite-orthoferrosilite if crystallization is below the inversion temperature. 

During subsequent slow cooling, the pyroxenes tend to assume more ordered structures by exsolution. 
Thus augites exsolve orthopyroxene or pigeonite and vice versa. Yet, even in the slowly cooled plutonic rocks, 
complete separation is never attained, though it is approached by exsolution. In volcanic rocks quenching 
preserves the initial state of solid solution in both phases. Pyroxenes in volcanic, hypabyssal, cal plutonic 
rocks crystallized from saturated basaltic magmas have the same chemical compositions and same degree 
of solid solution.This is an indication of the rather small range in temperature at which saturated basaltic 
magmas crystallize, regardless of their environment. 

Slowly cooled orthopyroxenes exsolve diopside-hedenbergite as fine lamellae parallel to (100). Pigeonites 
exsolve augite as coarser lamellae parallel to (oor). Upon inversion of pigeonite to the orthorhombic form, 
the augite lamellae remain on the now relict monoclinic (oor) plane, and further exsolution of diopsidic 
pyroxene may take place on (100). Magnesian augites up to approximately WoyeEn,;Fs;5 exsolve ortho- 
pyroxene as lamellae parallel to (100), but more iron-rich augites exsolve pigeonite parallel to (001). The 
latter may later invert to hypersthene. These augites may also show a second stage of exsolution of hyper- 
sthene parallel to (100). In combinations of the slightly dissimilar structures, hypersthene and either augite 
or pigeonite, the exsolution lamellae tend to be parallel to (100), which is a plane common to both structures. 
In similar structures, such as augite and pigeonite, the orientation and width of the lamellae are probably 
controlled chiefly by the ease of access of the ions to the new surface of separation, and hence the preferred 
orientation is parallel to (001). 

The authors disagree with Guimarides’ (1948) concept of hypersthenization. In the hypabyssal rocks 
which he studied, the hypersthenization hypothesis may appear to be valid; but the facts can equally well 
be explained by the exsolution-inversion hypothesis rake by the writers. Pyroxene relations in plutonic 
and volcanic rocks can be successfully interpreted on the same basis as hypabyssal rocks by the exsolution- 
inversion hypothesis, but the hypothesis of hypersthenization cannot account for the pyroxenes in these 
rocks. 


tions are attained, saturated basaltic 
rocks normally contain two pyroxenes— 
augite and either pigeonite or orthopy- 
roxene—but exceptions to this rule may 
be noted. Thus olivine may take the 
place of orthopyroxene or pigeonite. 
With incomplete equilibrium, all three 
pyroxenes may be present, with or with- 
out olivine. Crystal accumulates of the 
early stages of crystallization may con- 
sist only of olivine or of olivine and one 


INTRODUCTION 


Pyroxenes of basaltic rocks crystal- 
lized from saturated magmas may be di- 
vided into three groups: (1) ortho- 
rhombic pyroxenes, (2) pigeonites (2V < 
30°), and (3) augites (2V > 30°). In un- 
dersaturated basaltic magmas the pyrox- 
enic phase or phases are somewhat dif- 
ferent and are discussed in a later section 
of this paper. When equilibrium condi- 


* Manuscript received January 19, 1951. 


2 Geological Survey, Lobatsi, Bechuanaland 
Protectorate. 


3 Princeton University, Princeton, New Jersey. 
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pyroxene. Lastly, extreme iron-rich dif- 
ferentiates may show only one pyroxene, 
with or without fayalitic olivine. 


\ 


PYROXENES IN BASALTIC MAGMA 


Much confusion in the literature has 
been the result of failure to differentiate 
clearly between the three different 
groups of pyroxenes. Pigeonite, especial- 
ly, is frequently overlooked or mistaken 
for augite or is considered a product of 
extreme zoning of augite. For the proper 
evaluation of the crystallization of basalt 
magma it is essential that a clear distinc- 
tion be made between the three pyroxene 
groups. Nor is the recognition of three 
different types of pyroxenes arbitrary, as 
each group is distinct physically and 
chemically and does not grade into either 
of the other two groups. The present pa- 
per describes the mutual relations of the 
three pyroxene groups in rocks of basaltic 
composition and summarizes the authors’ 
interpretations of these relations. Quite 
a different interpretation has been given 
them by Guimaraes (19462, b; 1948) and 
by Guimaraes and Brojnikov (1948) ; but 
the authors hold that Guimaraes’ hy- 
persthenization theory, as he applies it to 
hypabyssal rocks, fails to explain the 
comparable pyroxene relations in vol- 
canic and plutonic rocks which crystal- 
lized from saturated basaltic magma. 


NOMENCLATURE 


An exact system of nomenclature is es- 
sential for the detailed examination of 
the pyroxenes and their mutual rela- 
tions. Also in this respect there is still no 
uniformity in the literature. The term 
“pigeonite’’ continues to be used for 
clinopyroxenes with optic angles higher 
than 2V = 30°. What is here called “‘au- 
gite,”’ has been variously termed “au- 
gite,”’ “enstatite-augite,”’ “hypersthene- 
augite,”’ “‘pigeonite-augite,”’ “magnesian 
diopside,” “‘pigeonitic diopside,” and 
“pigeonite.”’ Accordingly, a plea for uni- 
form nomenclature of pyroxenes does not 
seem misplaced. 

The classifications suggested by the 
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authors are primarily chemical. For the 
orthopyroxenes the nomenclature sug- 
gested by Poldervaart (19470) is adopted 
(fig. 1, A). A compromise is here sug- 
gested for the clinopyroxenes between 
the classifications of Hess (1941), Benson 
(1944), and Poldervaart (1947@), which 
yields a more balanced division of the 
clinopyroxene field (fig. 1, B). Pigeonite 
may hence be defined as a lime-poor 
clinopyroxene (Wo 5~15 per cent) with 
optic axial angles invariably below 2V = 
30° (usually below 2V = 25°), whether in 
the plane (o10) or, as is commonly the 
case, perpendicular to that plane. The 
subcalcic augite-ferroaugite fields have 
been included in this classification of 
clinopyroxenes, although Hess believes 
that no natural pyroxenes exist within 
these fields. 

Compositions of all pyroxenes are 
given in molecular percentages of Wo, 
En, and Fs or in atomic percentages of 
Ca, Mg, and Fe. Detailed instructions 
for the calculations of pyroxene composi- 
tions are given by Hess (1949). It is re- 
gretted that many authors persist in 
using weight percentages, sometimes 
even without stating that compositions 
are expressed in weight percentages. 


CRYSTAL CHEMISTRY OF PYROXENES 


Laboratory investigations have dem- 
onstrated complete solid solution at tem- 
peratures of the liquidus in the clinoen- 
statite-ferrosilite series (Bowen and 
Schairer, 1935) and the clinoenstatite- 
diopside series (Bowen, 1914), and also 
between hedenbergite and Wo,,En,Fs,. 
(Bowen, Schairer, and Posnjak, 1933). 
The natural diopside-hedenbergite series 
also shows complete solid solution be- 
tween its end-members. These observa- 
tions form the basis for the widely held 
assumption that there is complete solid 
solution over the entire clinopyroxene 
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field clinoenstatite-diopside-hedenberg- 
ite-ferrosilite. At the high temperatures 
of the anhydrous synthetic melts this is 
. probably true, but it does not follow that 
complete solid solution in the clinopy- 
roxene field also obtains under natural 
magmatic conditions. 

The structure of diopside has been de- 
termined by Warren and Bragg (1928) 
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ing layers parallel to (100). Between the 
SiO, layers, the cations, Cat?, Mg*’, and 
Fe**, are aligned in the (100) plane. The 
entry of Cat’, Mg*?, and Fe*? ions is 
governed to a large extent by their re- 
spective ionic radii (Edwards, 1942). 
These are Ca*? = 1.06 A, Mg*? = 0.78 A, 
and Fe*? = 0.83A 

Clinopyroxenes produced in the labo- 


A 


Orthopyroxenes 


20 

Clinoenstatite 
Fic. 1.—Nomenclature of pyroxenes crystallized from basaltic magmas (molecular per cent). A, ortho- 
pyroxenes; B, clinopyroxenes. 


and that of hypersthene by Warren and 
Modell (1930). Subsequently, Warren 
and Biscoe (1931) found that augites 
have essentially the same structure as 
diopside. The structure of pigeonite has 
not been determined, but there is no rea- 
son to believe that it differs much from 
that of other clinopyroxenes. All consist 
of SiO, chains parallel to the c-axis, form- 


Ferrosilite 


80 


ratory can be represented by the simple 
formula Ca,—»(Mg, Fe),+,Si,Oc. The 
Ca* ions may not exceed half the total 
Ca*? + Mgt? + Fe** because there are 
two types of spaces into which Ca*’, 
Mg*?, and Fe*? may fit in the structure. 
One half of the spaces are larger than the 
other half, and the larger spaces nicely 
accommodate the large Ca*? ion in eight- 


Enstatite Bronzite Hypersthene Ferrohypersthene Eulite Ortho - 

Clinopyroxenes 
45 
| 


PYROXENES IN BASALTIC MAGMA 


fold co-ordination with O-* ions. The 
other half are too small to accept a Ca** 
ion and are filled by the Mg** and Fe*? in 
sixfold co-ordination with O~ ions. Un- 
der conditions of high thermal agitation 
(for example, at the temperatures of 
crystallization of pyroxenes from dry 
melts in the laboratory), Mg*? and Fe** 
are acceptable in the larger eightfold co- 
ordination spaces, so that complete dis- 
order probably exists under these condi- 
tions between Ca**, Mg*?, and Fe*? with 
respect to these spaces in the structure. 
Upon cooling, with consequent decrease 
of thermal agitation, the Mg*? and Fe*? 
ions become more and more unstable in 
these positions. The Mg*? ion, being the 
smaller, is slightly more unstable than 
Fe*?. As a result, with slow cooling, a 
high-temperature pyroxene will break up 
into two pyroxene phases, one Ca(Mg, 
Fe)Si,O. and the other (Mg, Fe),Si,0¢ 
(pigeonite), each containing some of the 
other in solid solution, but with the 
amount of such solid solution decreasing 
as the temperature falls. The (Mg, 
Fe),Si,O¢ phase apparently has a slightly 
more compact structure, which does not 
have spaces quite large enough for the 
Ca*? ion as in the diopside structure, 
though a small percentage of Ca** ions 
can be jammed into the structure with 
high thermal agitation. The maximum 
Ca*? acceptable in the clinoenstatite-fer- 
rosilite structure (pigeonite) is about 
10 per cent of the total Cat? + Mgt? + 
Fe*?. The clinoenstatite-ferrosilite series 
eventually pass through an inversion 
upon cooling and, by doubling of the 
monoclinic cell along the a-axis with a 
slight shift of the SiO, chains, become 
orthorhombic in symmetry. This change 
involves a slight further contraction, so 
that Ca** ions can enter this structure 
only up to 34 per cent of the total 
Cat? + Mgt? + Fe* ions, judging from 
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available superior analyses of the natural 
hypersthene series.‘ 

Whereas complete disorder among the 
Ca**, Mgt, and Fe* ions in the eight- 
fold positions of the clinopyroxene struc- 
ture seems probable at the temperatures 
of pure anhydrous melts, such as are 
made in the laboratory, the addition of 
other constituents to the melts, volatiles 
in particular, results in depression of the 
temperature of crystallization, and this 
degree of disorder is no longer possible. 
Thus, in natural melts which crystallize 
at lower temperatures, two pyroxene 
phases will form and will have the same 
compositions as the two pyroxene phases 
which would have exsolved from each 
other at the same temperature in the 
slow cooling of the high-temperature 
clinopyroxene solid solution. In the crys- 
tallization of saturated basaltic magmas 
we may commonly expect to find two 
pyroxenes in equilibrium with each other 
—one a diopside-hedenbergite pyroxene 
with subordinate clinoenstatite-ferro- 
silite in solid solution (=augite) and the 
other a clinoenstatite-ferrosilite pyroxene 
with subordinate diopside-hedenbergite 
in solid solution (=pigeonite). A mem- 
ber of the enstatite-orthoferrosilite se- 
ries will substitute for the latter phase if 
the crystallization temperature is also 
below the inversion temperature. 

With exceedingly slow cooling, as in 
plutonic rocks, exsolution may keep pace 
with equilibrium conditions. Quenching 
in volcanic rocks preserves intact the 
original equilibrium condition at the 
time of extrusion, and the pyroxenes of 
hypabyssal igneous rocks represent a 


‘In the natural clinopyroxenes many other ions 
may substitute in the structure for those mentioned 
above. Particularly common is the substitution 
for Mg**Si*4 or Nat*Fe*s for Ca**Mg*?. . 
The ions Mn*, Ti*¢, Cr*3, Ni**, and a number of 
others may be found in natural pyroxenes in sub- 
ordinate amounts. 
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Fic. 2.—Hypothetical equilibrium diagrams to show relations of the pyroxenes under various condi- 
tions. A, solid solution series with a minimum. Possible relations at the high temperatures of anhydrous 
melts in the laboratory. B, binary cotectic relationship as exists in crystallization of a saturated basaltic 
magma. Limited solid solution in each of two pyroxene phases and inversion of pigeonite to hypersthene 
(subsolidus). (See also fig. 3.) 
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state intermediate between that for plu- 
tonics and that for effusives. 

These relations are further illustrated 
by the two hypothetical equilibrium dia- 
grams given in figure 2. The first dia- 
gram is an example of a complete solid- 
solution series with a minimum. This 
type of binary system probably exists in 
the high-temperature synthetic melts 


Olivine 
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will first crystallize, depending on 
whether the composition of the magma 
lies to the left or to the right of point M. 
In the former case, crystallization of 
pigeonite will continue until point M on 
the liquidus is reached, the pigeonite 
meanwhile changing in composition along 
Q-L. Similarly, in the second case augite 
will continue to crystallize until point M 


Olivine + Diopside Hedenbergite 


(Mg, SiO, 


Ca(Mg, Fe)SinQ, 


Fic. 3.—Hypothetica] equilibrium diagram to show relations between olivine and a diopsidic clinopy- 
roxene in crystallization of an undersaturated basaltic magma. 


and represents the state of complete solid 
solution within the limits of the pyroxene 
field. Figure 2, B, shows conditions at 
magmatic temperatures and represents 
the case of limited solid solution, when 
presumably the lime-poor and lime-rich 
pyroxene phases form a binary cotectic 
system. The lower portion of figure 2, B, 
shows the subsolidus trend of exsolution, 
as well as the inversion of the pigeonite 
phase to hypersthene with decrease in 
temperature. Either pigeonite or augite 


is reached, its composition changing 
along P—N. At point M pigeonite and 
augite will crystallize side by side until 
all the liquid is used up. Upon further 
cooling, pigeonite of composition L will 
exsolve augite of composition NV; and, by 
continued unmixing, pigeonite will move 
in composition toward S, while the ex- 
solved material moves toward R. At 
point S pigeonite will invert to orthopy- 
roxene of composition 7. With continued 
cooling, there will be further exsolution, 
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in which the orthopyroxene will move in 
composition toward X, and the exsolved 
material toward Y. At the same time, 
augite of composition N will unmix 
pigeonite of composition Z, the augite 
moving in composition toward R and the 
exsolved pigeonite toward S. At point S$ 
pigeonite will invert to orthopyroxene, 
and hence, by continued unmixing, the 
augite will now exsolve orthopyroxene of 
composition 7—X, while itself changing 
along R-Y. 


CRYSTALLIZATION OF PYROXENES 


The crystallization products of satu- 
rated basaltic magmas show abundant 
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some cases it may not appear at all. 
When it does occur, the magma soon 
reaches the composition where olivine 
reacts with the melt to form magnesian 
orthopyroxene. Rhombic pyroxene con- 
tinues to crystallize until the cooling 
curve of the magma intersects the py- 
roxene inversion curve (fig. 4). In a sur- 
prising number of cases this happens at 
an Mg: Fe ratio of about 70: 30,5 though 
examples within the ratios 85:15 to 
60:40 have also been encountered. From 
this point onward, pigeonite crystallizes 
until the two-pyroxene boundary is 
reached at an Mg:Fe ratio of approxi- 


mately 45:55. 
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evidence that a cotectic relationship ex- 
ists between the augite series and any one 
of the following: olivine, orthopyroxene, 
and pigeonite—which of the three de- 
: pending largely on the composition of the 
magma. 

Very commonly, magnesian olivine 
will be the first ferromagnesian to crys- 
tallize. In undersaturated magmas it 
may continue to form through a large 
part of the crystallization period of the 
magma. This is often the case in lavas of 
the oceanic islands, in which orthopy- 
roxenes and pigeonites are exceedingly 
rare. In saturated magmas olivine has a 
shorter period of crystallization, and in 


Fic. 4.—Cooling curve for basaltic magma and pyroxene inversion curve 


Endiopside or magnesian augite com- 
monly commences to crystallize shortly 
after the start of the olivine crystalliza- 
tion period (the reverse relationship has 
also been noted). When this happens, the 
magma has reached the cotectic curve; 
and augite, becoming progressively more 
iron-rich, will continue to crystallize side 
by side with first olivine, then orthopy- 
roxene, and finally pigeonite, until the 
two-pyroxene boundary is reached (fig. 
5). Exactly what happens at this point is 


’ This is an indication of the rather small range 
of temperatures at which basaltic magmas crys- 
tallize, regardless of the environment in which they 
crystallize. 
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still not clear. There may be reaction of 
lime-poor pyroxene with the liquid to 
form fayalitic olivine, or perhaps an 
amphibole; or the equilibrium may shift 
from a cotectic relationship to a solid so- 
lution with a minimum, as suggested by 
Hess (1941).° Only rarely does the crys- 


pyroxene relations in normal basaltic 
rock suites. 

Hence there are three distinct reaction 
series in the early and middle stages of 
crystallization of saturated basaltic mag- 
mas. Of these, two are continuous, while 
the third is discontinuous (fig. 6). It is 


Wo 


Fic. 5.—Course of crystallization of pyroxenes during the early and middle stages of consolidation of 


saturated basaltic magma. 


tallization of basaltic magma reach so 
high a degree of fractionation that this 
case arises, and the solution of this prob- 
lem may be left to future investigations. 
It is not essential to a consideration of 


® A similar relationship was suggested by Tsuboi 
(1949), repeated and revised from the Japanese 
(1930). 


emphasized that, although olivine may 
have a reaction relationship with either 
orthopyroxene or pigeonite, it does not 
have a reaction relationship with augite. 
Nor do pigeonite and orthopyroxene 
have such a relationship with augite, at 
least until the limit of the two-pyroxene 
field is reached. 
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It is noteworthy that there are no sig- 
nificant chemical differences between cor- 
responding pyroxenes of volcanic, hypa- 
byssal, and plutonic rocks crystallized 
from saturated basaltic magmas. Thus 
augites of volcanic rocks are, as a rule, 
chemically identical with augites of hyp- 
abyssal or plutonic rocks, and the same 
applies to orthopyroxenes and pigeonites.’ 
The suggestion is often made that the 


magnesian olivine 
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crystallization. The latter can only pre- 
serve the amount of solid solution made 
possible in the structure of each phase by 
the thermal agitation of its ions. The 
temperature of crystallization of satu- 
rated basaltic lavas, as determined by 
geologic thermometry, does not differ 
materially from that of hypabyssal or 
plutonic rocks of the same composition. 
Nor are claims of complete gradations 


Ca-plagioclese 


Na -Ca-plagioclese 


Fic. 6,—The principal reaction series of the early and middle stages of fractionation of saturated basaltic 
magma. Note that the olivine-(orthopyroxene-pigeonite) series is discontinuous. 


rapidly crystallized clinopyroxenes of 
volcanic rocks may show complete grada- 
tions between the lime-rich and the lime- 
poor phases; but this is true neither in 
theory nor in fact. The amount of solid 
solution between the diopside-heden- 
bergite and clinoenstatite-ferrosilite se- 
ries is more a function of the temperature 
of crystallization than of the speed of 


7 Pigeonites under plutonic conditions invert with 
cooling to orthopyroxenes, but such orthopyroxenes 
can easily be distinguished from orthopyroxenes 
which crystallized directly from the melt. 


between the lime-rich and the lime-poor 
phases supported by any chemical data 
published in the literature; for even in 
strongly zoned pyroxenes a continuous 
variation in optic angles, from 2V = 
40°-50° down to 2V = o°, has not been 
recorded. 

Most values of optic angles in the 
plane (oro) are either higher than 2V = 
40° or lower than 2V = 20°; but in rare 
cases angles lower than 2V = 40° have 
been recorded, the minimum for con- 
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tinuous variation in the plane (o10) being 
2V = 30° (Walker and Poldervaart, 
1949). The reasons for these abnormally 
low values are obscure. It is possible 
that the clinopyroxene trend from 
Wo,,En,,Fs,, to Wo,.En,,Fs,5 may, un- 
der certain conditions, be continued 
downward to a limited extent. However, 
Hess believes that such anomalous val- 
ues for optic angles of clinopyroxenes can 
be attributed to more than average 
amounts of minor constituents. For ex- 
ample, Dixon and Kennedy (1933) have 
published an analysis of a _ pseudo- 
uniaxial clinopyroxene (2V = 0°) in 
which the ratio Ca:(Mg + Fe) is near 
1:1. This pyroxene has slightly more 
than one-fourth of its Si*4 ions replaced 
by Al*’. Hess has found that a replace- 
ment of more than one-eighth the Si** 
ions by Al*? has pronounced effects on 
the optic axial angle of the pyroxene and 
also decreases its birefringence to a 
marked extent. 

The above observations concerning 
abnormally small optic angles in some 
augites do not detract from the validity 
of the authors’ assertion that there is a 
gap in CaO content between lime-rich 
and lime-poor pyroxenes in all rocks of 
basaltic composition which contain these 
two phases. 


EXSOLUTION PHENOMENA IN 
PYROXENES 


If conditions permit, exsolution will 
take place in pyroxenes which have crys- 
tallized from saturated basaltic magmas. 
This unmixing may be regarded as con- 
verting the pyroxene to a more ordered 
structure. With rapid cooling, as in vol- 
canic rocks, there is no opportunity for 
exsolution, and the initial state of dis- 
order is preserved. With slow cooling, as 
in plutonic rocks, exsolution is allowed to 


proceed toward completion, although a 
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complete separation of the Ca(Mg, 
Fe)Si,O¢ and (Mg, Fe),Si,O¢ is never at- 
tained. The exsolution phenomena will 
be in the form of oriented lamellae of one 
phase in the other, and unmixing will 
occur in such a manner as to minimize 
the energy of the new surfaces of separa- 
tion between the two phases. A low- 
energy interface between the two phases 
is obtained if they have a common struc- 
tural plane (Buerger, 1948). The orienta- 
tion and thickness of the lamellae are also 
affected by the ease of access of the ions 
to the exsolution plane. In the exsolution 
of orthopyroxene from clinopyroxene or 
vice versa, the exsolution plane will nor- 
mally be (100) because this is the only 
plane which the two structures have in 
common. In the exsolution of pigeonite 
from augite or vice versa the exsolution 
plane is normally (oo1). In this case the 
pigeonite and augite structures are prob- 
ably so similar that any plane would be 
suitable structurally, but the orientation 
is probably explained by the fact that the 
easiest route of access of the ions is along 
the c-axis direction in (100), and thus the 
lamellae tend to form nearly at right 
angles to this direction. The thickness of 
the lamellae is probably also related to 
the ease of migration of the ions. The fine 
diopsidic lamellae parallel to (100) in 
hypersthene require the ions to migrate 
across the SiO, chains, but the coarser 
(cor) lamellae of augite in pigeonite (or 
vice versa) can be explained by the 
greater ease of migration of ions parallel 
to the SiO, chains. The lamellae if 
formed in pyroxenes of hypabyssal 
rocks, may not be so regular, so well de- 
veloped, or so well oriented as in the 
more slowly cooled plutonic equivalents. 


ORTHOPYROXENES 


Normal orthopyroxenes of primary 
crystallization contain approximately 3} 
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per cent Ca*? ions of the total (Cat? + 
Mg*? + Fe*?). In volcanic and most 
hypabyssal rocks the Ca‘? ions are 
caught in the orthopyroxene structure 
and have no opportunity to exsolve. In 
large plutonic bodies, exsolution does 
take place in the form of exceedingly nar- 
row lamellae of a member of the diopside- 
hedenbergite series, oriented parallel to 
(100). The lamellae pinch out toward the 
margins of crystals and also near inclu- 
sions of augite in the orthopyroxene. An 
interesting example of submicroscopic 
exsolution lamellae has been described by 
Poldervaart (19475) in bronzite pheno- 
crysts of a dolerite from Hanover, South 
Africa. At the time, the orthopyroxene 
was erroneously interpreted by him as an 
inverted pigeonite. The bronzite shows a 
patchy extinction, which under the high- 
est magnifications is resolved into paral- 
lel sets of extremely fine striations. The 
occurrence shows a transition phenome- 
non between the clearly defined, though 
narrow, lamellae of plutonic orthopy- 
roxenes and the unresolved orthopy- 
roxenes of hypabyssal and_ volcanic 
rocks.® 


PIGEONITES 


Pigeonite contains, on the average, 
about 93 per cent Ca*? of the total 
Cat*? + Mg*? + Fe*, or more than two 
and a half times as much as will enter the 
orthopyroxene structure at the tempera- 
ture of crystallization (ca. 1,100° C.). In 
volcanic rocks pigeonite is preserved by 
quenching as a metastable phase. In plu- 
tonic rocks it exsolves augite plates par- 
allel to the (oor) plane and subsequently 
inverts to orthopyroxene, which retains 
the exsolved lamellae on the now relict 
(001) plane—a plane near (101) when re- 
ferred to the crystallographic directions 


§ Analogous to cryptoperthite in the feldspar 
series. 
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of orthopyroxene. The fact that such 
orthopyroxenes have inverted from pi- 
geonite is clearly established by this 
relict plane. The former (100) simple 
twin plane of pigeonite is also frequently 
preserved in the inverted orthorhombic 
form and can be observed by the differ- 
ent orientations of the exsolution lamel- 
lae on either side of this relict twin com- 
position plane. Orthopyroxene inverted 
from pigeonite normally retains several 
per cent Ca ions. Upon further slow cool- 
ing, most of these are also expelled, but 
now as fine lamellae of diopsidic py- 
roxene parallel to (100), thus producing 
two sets of lamellae. 

In the great majority of cases of inver- 
sion of pigeonite to orthopyroxene, the 
orthopyroxene will develop in such an 
orientation that it retains the and 
crystallographic axes of the parent-pi- 
geonite. However, in exceptional cases, 
only the 6 crystallographic axis is re- 
tained, and a rotation of ¢ to a position 
about 45° from the c-axis of the original 
pigeonite may take place. This rather 
uncommon case of rotation has been em- 
phasized by Guimaraes in his descrip- 
tions. 

Pigeonites of hypabyssal rocks behave 
in a slightly different manner. Magnesian 
pigeonites, having crystallized at tem- 
peratures slightly above their inversion 
temperatures, will invert readily to the 
orthorhombic form. As a rule, this hap- 
pens before the regular augite plates 
along (oor) can exsolve. Hence almost 
twice as many Ca*? ions would be 
trapped in the orthorhombic structure as 
it can normally hold. These are rapidly 
expelled at the time of inversion as ir- 
regular blebs of diopsidic clinopyroxene, 
in a type of exsolution phenomenon 
which has been called a “graphic inter- 
growth” by Walker and Poldervaart 
(1949). The blebs are sometimes ar- 
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ranged in trails parallel to the (001) plane 
of the original pigeonite, and the relict 
(100) twin composition plane may also 
be recognized in this type of inverted 
pigeonite. Usually the exsolved clinopy- 
roxene areas are coarse enough to be 
clearly visible, but they may also be so 
minute as to prevent the orthopyroxene 
host from yielding clear extinctions in 
any position on the universal stage. In 
such cases it is not possible to determine 
the optic axial angle of the orthopyroxene. 

As the pigeonites become more iron- 
rich with continued crystallization, they 
form at points farther above the inver- 
sion curve (fig. 3). In hypabyssal rocks 
these ferriferous pigeonites normally do 
not invert, but they often show fine stria- 
tions parallel to (001). Close examination 
of these striations proves them to be ex- 
ceedingly narrow augite lamellae. The 
structures are best observed in sections 
parallel to (oro). The birefringence of the 
augite and pigeonite is almost identical 
in this case, and the extinction angles dif- 
fer by only 2°-3°. Hence the different 
character of lamellae and host material is 
easily overlooked. 


AUGITES 


Crystallization of the augite series fre- 
quently starts with the formation of a 
magnesian augite near Wo,,En,,Fs,. and 
proceeds through Wo,,En,,I’s,, to, per- 
haps, Wo,,En, Fractionation is 
rarely so extreme that this point is 
passed; and consequently there is some 
doubt as to the final stages of the augite 
crystallization series. In the strongly dif- 
ferentiated Skaergaard intrusion, Wager 
and Deer (1939) have indicated a con- 
tinued pyroxene trend to Wo,,En,Fs¢;.’ 

* Itis interesting to note that, according to Wager 
and Deer (1939), at the extreme iron-rich end of this 
series the ferroaugites pass into §-wollastonite 


solid solutions, which later invert to clinopyroxene 
with cooling. 


Upon slow cooling, augites up to ap- 
proximately Wo,,En,,Fs,; will exsolve 
orthopyroxene lamellae along the (100) 
plane. At about this point the pigeonite- 
orthopyroxene inversion curve is ordi- 
narily crossed, and hence more iron-rich 
clinopyroxene will exsclve pigeonite in- 
stead of orthopyroxene. At the same 
time, the plane of exsolution changes 
from (100) to (oo1). Depending on the 
rate of cooling, the pigeonite may or may 
not invert later to orthopyroxene; but 
the orientation of the lamellae parallel to 
(oo1) indicates that pigeonite was origi- 
nally exsolved. After exsolution on (001) 
and with continued exsolution at lower 
temperatures, hypersthene will exsolve 
parallel to (100), as in the first case, and 
thus both sets of lamellae will be present 
in the augite. The pigeonite lamellae in 
augite may also be used as a geologic 
thermometer (Hess, 1941). 

The orientations of exsolution lamellae 
in different pyroxenes are further illus- 
trated in figure 7. A more extended dis- 
cussion of exsolution lamellae in py- 
roxenes is being prepared by Hess. Only 
the most common orientations of lamel- 
lae are considered here. 

The augite plates parallel to (001) in 
pigeonites are commonly about o.2 mm. 
apart and o.o1-0.02 mm. thick. The 
diopsidic lamellae in orthopyroxenes par- 
allel to (100) are generally about 0.01 
mm. apart and 0.0005-0.001 mm. thick. 
In the former case the ions may migrate 
parallel to the SiO, chains to reach the 
(oo1) plane, but in the latter case they 
must migrate across the chains to reach 
the (100) plane. The differences in thick- 
ness and spacing in the two cases suggest 
much greater ease of migration in the 
channelways parallel to the SiO, chains, 
provided that the length of time for mi- 
gration is the same in both cases. Ac- 
tually, the time from crystallization to 
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Host Lameliae 
Augite Hypersthene 


Fic. 7.—Common orientations of exsolution lamellae in pyroxenes. A, fine lamellae of diopsidic pyroxene 
parallel to (100) in orthopyroxene. B, broad lamellae of augite parallel to (001) in pigeonite. C, broad lamellae 
of augite parallel to the relict monoclinic (001) plane in orthopyroxene inverted from pigeonite. D, broad 
lamellae of orthopyroxene parallel to (100) in magnesian augite. E, broad lamellae of pigeonite parallel to 
(oo1) in more ferriferous augite. 
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inversion in the case of pigeonite is prob- 
ably much shorter than the cooling inter- 
val, during which the orthopyroxene 
would be exsolving diopsidic lamellae. 
Thus this strengthens the argument for 
much more rapid migration parallel to 
the chains. Perhaps a rough idea may be 
obtained of the rate of development of 
the exsolution lamellae by examining 
sills of varying thickness and conse- 
quently varying time intervals for cool- 
ing. In a dolerite sill 300 meters thick, no 
visible exsolution lamellae are developed 
in the orthopyroxene, but in a sill goo 
meters thick they are well developed. 
Taking an intermediate value, a sill 600 
meters thick would take of the order of 
magnitude of 1,500 years to cool. This 
gives the impression that diffusion of 
ions through the crystal structure is an 
exceedingly slow process and is consist- 
ent with Jagitisch’s (1949) recent experi- 
mental results, in which he found rates of 
diffusion of ions through crystalline solids 
of a few millimeters in 10% years. 


PYROXENE RELATIONS IN HYPABYSSAL 
INTRUSIONS 


In hypabyssal intrusions complete 
equilibrium between the various phases 
present is rarely reached. Zoning is com- 
mon in all but the earliest and latest min- 
erals to crystallize. The start and end of 
the crystallization periods of different 
phases show considerable variations, and 
hence the order of crystallization can be 
determined only from series of thin-sec- 
tions rather than from one single slice. 
The paragenesis of hypabyssal rocks 
should be ascertained from specimens 
extending from floor to roof of a sill, and 
a complete picture of the sequence of 
events can be obtained only if the hypa- 
byssal rocks are compared with their 
volcanic and plutonic equivalents. The 
pyroxene relations of dolerites and dia- 


bases could probably not have been in- 
terpreted satisfactorily without knowl- 
edge of the relations in extrusive flows 
and large plutonic bodies developed by 
crystallization of saturated basaltic mag- 
ma. 

The ideal sequence of crystallization of 
the olivine-(orthopyroxene-pigeonite) re- 
action series in hypabyssal intrusions is 
as follows. Olivine often appears in the 
earliest stages of crystallization. Slightly 
later it is succeeded by magnesian ortho- 
pyroxene, which at first forms rims 
around olivine but subsequently also oc- 
curs as individual crystals. Next, clear 
orthopyroxene cores are found sur- 
rounded by orthopyroxene with blebs of 
diopsidic pyroxene (inverted pigeonite), 
the cores and mantles always showing 
sharp demarcations in polarized light. In 
the next stage the “graphic intergrowth”’ 
occurs throughout the orthopyroxene 
crystals, the cores of clear orthopyroxene 
having disappeared. Then the orthopy- 
roxene with blebs will be surrounded by 
rims of more ferriferous pigeonite, and, 
finally, pigeonite will be encountered as 
discrete crystals. 

There are, of course, many exceptions 
to this ideal sequence of crystallization. 
Olivine may occur together with pigeonite 
when orthopyroxene is absent. Orthopy- 
roxene with blebs may be surrounded by 
clear orthopyroxene (Walker, 1940). 
Poldervaart (1946) gives an illustration of 
an olivine crystal surrounded by succes- 
sive shells of pigeonite, orthopyroxene, 
and augite and other examples of partly 
resorbed cores of pigeonite or of euhedral 
cores of pigeonite rimmed by orthopy- 
roxene. The late crystallization of fer- 
riferous orthopyroxene around cores of 
pigeonite or orthopyroxene inverted from 
pigeonite can, as a rule, be accounted for 
by growth of the ferriferous orthopyrox- 
ene from late residual liquid after the 
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temperature has dropped below the in- 
version temperature. Clear orthopyrox- 
ene may also continue to crystallize if the 
temperature of the magma remains be- 
low the pigeonite-orthopyroxene inver- 
sion curve, as is the case in many an- 
desitic magmas. Against these excep- 
tional instances can be quoted many oc- 
currences which follow the ideal sequence 
of crystallization in every detail. 
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than pigeonite mantles. In either case the 
pigeonite and augite commonly have 
their a, 6, and c crystallographic axes in 
common. Both cases are of interest in 
view of Guimaraes’ hypersthenization 
theory, and one example is illustrated in 
figure 8. This shows a core of pigeonite 
enveloped by augite, the two minerals 
having their a-, b-, and c-axes in com- 
mon. Upon cooling, the augite has ex- 


Lameliae -pigeonite 


Fic. 8.—Apparently continuous lamellae in pigeonite core and augite mantle 


Associations of members of the discon- 
tinuous olivine-(orthopyroxene-pigeon- 
ite) reaction series and of the continuous 
augite series may show the same crystal- 
lographic orientation relations toward 
one another as are shown by the exsolu- 
tion lamellae toward the host mineral. 


Pigeonite may form cores with mantles | 


of augite or may envelop augite, pigeon- 
ite cores generally being more magnesian 


solved pigeonite lamellae parallel to 
(oor). Similarly, the pigeonite has ex- 
solved augite lamellae parallel to (001). 
The exsolution lamellae of the pigeonite 
core and augite mantle will commonly be 
parallel and in some cases may be ap- 
parently continuous, although the phase 
in the lamellae changes from augite to 
pigeonite upon crossing the contact of 
the mantle. Many variations of the above 
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case are possible. Augite may form the 
core, and pigeonite the mantle. The 
pigeonite present as core or mantle might, 
with slow cooling, invert to orthopy- 
roxene, and similarly the pigeonite lamel- 
lae in the augite might invert. The pi- 
geonite mantle or core, as the case may 
be, might be cooled in such a manner 
that inversion occurred before exsolution 
of the (oor) lamellae and an orthopy- 
roxene crowded with blebs of rapidly ex- 
pelled Ca-rich clinopyroxene result. 

The above examples might be ex- 
plained by a hypothesis of hyperstheniza- 
tion, or they may be interpreted in ac- 
cordance with the authors’ hypothesis of 
exsolution-inversion; but, in the com- 
paratively rare cases where the lamellae 
are broad enough for optical determina- 
tion, the different character of the lamel- 
lae in cores and mantles can be ascer- 
tained and their origin thus fixed. Just as 
common as the relations portrayed in 
figure 8 are cases of discrete crystals of 
augite existing side by side with similar, 
unaltered crystals of pigeonite, orthopy- 
roxene, and orthopyroxene inverted from 
pigeonite, a circumstance which would 
be difficult to account for by the hy- 
persthenization hypothesis. 

The evidence from volcanic, hypa- 
byssal, and plutonic rock suites is not in 
accord with the theory of hyperstheniza- 
tion. Although the authors, therefore, 
disagree with Guimaraes’ concept of hy- 
persthenization, much credit is due him 
for initiating the consideration of the 
crystal chemistry of pyroxenes in relation 
to their petrology. 

There is good evidence to indicate that 
concentrations of volatiles (mainly wa- 
ter) may affect the relations in the oli- 
vine-(orthopyroxene-pigeonite) reaction 
series. It might be expected that the 
presence of volatiles would decrease the 
temperatures of crystallization and hence 
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favor the formation of orthopyroxene 
rather than pigeonite (fig. 4). Observa- 
tions show that this is not the case and 
that pigeonite, not orthopyroxene, is 
characteristic of hypabyssal rocks which 
have crystallized in the presence of high 
volatile concentrations. Several examples 
have been citea by Walker and Polder- 
vaart (1949). 

It is not yet possible to give a satisfac- 
tory explanation of this phenomenon. 
Pigeonite crystallizes in the presence of 
high volatile concentrations, in spite of 
the probable lower temperature of crys- 
tallization, and persists during cooling 
until a temperature is reached below 
which exsolution and inversion are im- 
peded by the low thermal agitation of the 
ions. It is especially difficult to account 
for the fact that even magnesian pigeon- 
ite shows no sign of exsolution and inver- 
sion to orthopyroxene in these rocks, al- 
though exsolution lamellae are encoun- 
tered in some cases in the accompanying 
augite. The solution of this problem must 
therefore be left to future investigations. 

Late-magmatic or deuteric solutions 
may precipitate ferriferous orthopyrox- 
ene (Of¢.—so) as a late phase of crystalliza- 
tion. Thus, in a few cases, bronzite phe- 
nocrysts in contact basalts show narrow 
rims of more iron-rich orthopyroxene. In 
one example a rock containing ferro- 
augite of a composition well beyond the 
two-pyroxene boundary shows small or- 
thopyroxene crystals (Of,.—s.) molded on 
ferroaugite and obviously of much later 
formation. Such cases are not considered 
to be extensions of the two-pyroxene field 
because iron-rich pyroxene crystallized 
long after ferroaugite. 


CRYSTALLIZATION OF PYROXENES FROM 
UNDERSATURATED BASALTIC MAGMAS 


In most basalts of oceanic islands and 
in many other alkalic basalts, orthopy- 
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roxene or pigeonite is generally absent. 
Olivine appears as early phenocrysts and 
continues to crystallize for a considerable 
interval before a clinopyroxene sepa- 
rates. The early crystallization of a cal- 
cium-free olivine phase increases the nor- 
mative Wo content of the magma with 
respect to En and Fs, as pointed out by 
Kennedy (1933). When clinopyroxene 
does appear, it is commonly a member of 
the diopside-hedenbergite series rather 
than augite. The hypothetical equilib- 
rium relations between olivine and a cal- 
cic clinopyroxene are given in figure 3. 
The cotectic line in this case is appar- 
ently shifted strongly toward the diop- 
side-hedenbergite side of the diagram, as 
compared to its position in the equilib- 
rium between a calcium-poor pyroxene 
and augite (fig. 2, B). The compositions 
of clinopyroxenes from olivine basalts 
can be judged from a number of old 
analyses by Washington and three recent 
ones given by Ashby (1946). They 
are diopside-hedenbergite clinopyroxenes 
(salites), rich in TiO, and the sesqui- 
oxides. Exsolytion lamellae of orthopy- 
roxene are not found in them, even when 
the coarser-grained, more slowly cooled 
facies are examined. This is, of course, 
consistent with their compositions—they 
do not have the excess En and Fs to ex- 
solve. They may have opaque exsolution 
plates or rods which presumably are an 
effect of their high TiO, and R.O, con- 
tent. 


A. POLDERVAART AND H. H. HESS 


Possibly late crystallization of fayalitic 
olivine may have a similar effect on the 
composition of late augite. The cotectic 
curve might change in trend and bend 
upward toward hedenbergite. 

In basaltic magmas which are less un- 
dersaturated, so that orthopyroxene 
crystallizes after olivine but before the 
clinopyroxene, the augite which appears 
subsequently is the normal one, as in fig- 
ure 2, B. 

CONCLUSION 


In conclusion we wish to emphasize 
that chemically the same pyroxene 
phases and same sequence of phases sepa- 
rate from basaltic magmas more or less 
regardless of their geological environ- 
ment. But differences in the final phases 
present are caused in large part by the 
rate of cooling, which determines the 
amount and perfection of the exsolution 
that will take place and also generally 
controls the pigeonite-orthopyroxene in- 
version. 

The writing of this paper was accom- 
plished by the joint effort of the authors, 
who share equally in the responsibility 
for the ideas put forward. Both authors 
have expressed views on pyroxenes inde- 
pendently elsewhere. Rather than debate 
small differences in opinion on details, 
we have chosen to compromise these dif- 
ferences on the basis that two heads are 
better than one and to present a unified 
general review of the problem for petrolo- 
gists who are working on basaltic rocks. 
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THE EQUILIBRIUM DISTRIBUTION OF THE ELEMENTS 
IN THE EARTH’S GRAVITATIONAL FIELD" 


LEO BREWER 
University of California 


ABSTRACT 


The Gibbs equation for equilibrium in a multicomponent system has been applied to the equilibrium 
distribution of elements in the earth’s gravitational field. In contrast to the conclusions reached by use of 
the commonly used binary equation, one finds that atomic weight-and partial molal volume alone do not 
determine whether an element should concentrate up or down. The chemical interactions are very im- 
portant and can reverse the trend expected from the density. Although accurate data are not available, 
reasonable estimates of the necessary thermodynamic data can be obtained for prediction of expected 
trends. Thus in the case of uranium one can show that it should concentrate toward the surface of the earth 
in an equilibrium system. Many of the elements seem to be distributed qualitatively in the manner expected 


for an equilibrium system. However, it was not —— to use these conclusions to test the various theories 
le 


for the formation of the earth, since it is possi 
monly advanced theories. 


Ramberg (1944, 1945, 1946) and 
Barth (1948) have suggested that the dis- 
tribution of elements in the earth’s crust 
is that which would be expected from 
Gibbs’s equations for equilibrium distri- 
bution in a gravitational field. Rosen- 
qvist (1947) has attacked this concept, 
and Barth (1949a, 6) and Rosenqvist 
(1949a, 6) have recently engaged in a 
polemic on this subject in which Rosen- 
qvist summarized his viewpoint by the 
following statement: “I do not think 
that it is correct to apply the equations 
of Gibbs in a complex system (i.e., in a 
rock).”’ 

Rosenqvist does not make clear 
whether he believes the equations of 
Gibbs do not apply because equilibrium 
does not prevail or because he believes 
the equations of Gibbs invalid for com- 
plex systems. He appears to place a great 
deal of weight upon the fact that uranium 
is believed to decrease in concentration as 
one goes down in depth, whereas Barth’s 
equations would indicate that uranium 


* Manuscript received September 8, 1950. Contri- 
bution from the Department of Chemistry and 
Chemical Engineering, University of California, 
Berkeley. 
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o explain such a distribution using either of the com- 


should increase in concentration as one 
goes down. Rosenqvist (1949@) also 
makes the following statement: “Chemi- 
cal activity of a crystalline substance is 
dependent not only on the temperature 
and the pressure but also on the sur- 
rounding phases.”’ If he is referring to the 
chemical activity used by Gibbs, this 
statement does not appear to be valid. 

It is the purpose of this paper to ex- 
amine the equilibrium distribution of ele- 
ments in a gravitational field and to com- 
pare the equilibrium distribution with 
the observed distribution. In particular, 
it is desired to know if this comparison 
can shed light on the question of whether 
the earth formed as a hot molten mass or 
as a relatively cold solid. 

Part of the confusion which has arisen 
is apparently due to use of Gibbs’s equa- 
tion for binary systems even when multi- 
component systems are being discussed. 
The following derivation can be given for 
a perfectly general system of any number 
of components. Many thermodynamic 
texts have considered this type of prob- 
lem. The nomenclature and procedures 
of Lewis and Randall (1923) will be used. 
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For each component in a gravitational field at constant temperature, the partial 
molal free energy relative to a standard state of fixed 7, P, and 4 must be the 
same throughout the system at equilibrium. For a mole of a single-phase solution 


containing 7 + 1 components, 


where & is the height in the gravitational 
field, P is the pressure, and §, is the par- 
tial molal entropy of component 1. Con- 
stancy of N for the first two partial de- 
rivatives means that molefractions of all 
components are kept constant. N; is the 
molefraction of the jth independent com- 
ponent. There are only 7 independent 
composition variables, even though there 
are 7 + 1 components, since the sum of 
all the molefractions is maintained equal 
to unity. The Nj, constancy indicated 
for the partial derivative following the 
summation indicates that 7 — 1 mole- 
fractions are kept constant during each 
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where p = W/V is the density of the so- 
lution. 
Unfortunately thermodynamic func- 
tions and equations adequate to satisfac- 
torily cope with temperature variations 
in our model have not yet been devel- 
oped, and we must at present neglect the 
temperature variation. The assumption 
of a constant temperature for our model 
does not quite correspond to the actual 


gdh + aN; 


dN,,(1) 


TN 


partial variation. 

Since hydrostatic equilibrium must 
prevail to prevent bulk movement of ma- 
terial, dP = —(W/V)gdh, where W is 
the weight and V is the volume of a mole 
of solution. Also, 


oF, 
=W gan ) =V;, 
Pe TON om OP J 


where W, is the molecular weight and V, 
is the partial molal volume of component 
in the solution. 

Elimination of dp and substitution for 
the first two partial derivatives gives us 


Nj; 


aP, 
ah 


dN;+ 5,dT 


TN; 


dN;+ §,dT (2) 


conditions in the earth. However, if the 
temperature gradient is quite small ex- 
cept close to the surface of the earth, the 
neglect of the temperature gradient 
should not materially affect the results 
obtained from our equations. Thus to 
simplify the application of equation (2), 
we will restrict ourselves to a constant- 
temperature system. 

Since fugacities are more convenient 
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for use of these equations than partial molal free energies, the substitution F, = 
(RT Inf, + constant) gives us a dimensionless form 


(Vi p—Wi) 


For a binary system for which j = 


(Vip —W,) 


If component 1 obeys Henry’s Law, f,« 


Ps Th N,’ 


solution, then 


( 


dN; 


Pe dh 


N,, as, for example, in a very dilute 


and equation (4) reduces to the familiar form 


= N,( V 
This equation, as well as equation (4), 
predicts that any element in a binary so- 
lution at constant temperature will tend 
to concentrate toward the top of the solu- 
tion if W,/V, is less than the density of 
the solution. The choice of components 
for any thermodynamic system is com- 
pletely arbitrary, and the components 
chosen need not necessarily correspond 
to the species actually present. Thus we 
may take elemental uranium, ionic ura- 
nium, uranium oxide, or any other con- 
venient uranium formula to represent 
uranium as a component. In this prob- 
lem it is probably most convenient to 
take the elements as the composition 
components. All molefractions will be 
calculated on that basis. The abbrevia- 
tions U = Ny, O = No, etc., will be 
used. 

One of the important quantities of 
equation (5) is V,, the partial molal vol- 


dinU 980 


= (12 — 238) 


dh 8.316 X 10? X 2,000 


— Wi) (5) 


ume of component 1. It must be recog- 
nized that this quantity is not the actual 
volume of component 1 in the solution 
but is the rate of change of the total vol- 
ume of the solution as component 1 is 
added and may be either positive or 
negative. When density data are avail- 
able as a function of composition, the 
partial molal volume may be calculated 
by conventional means (e.g., see Lewis 
and Randall, 1923). When density data 
as a function of composition are not 
available, one must estimate not the 
molal volume occupied by component 1 
in the lattice but the rate of change of the 
volume of the lattice when component 1 
is added. 

For uranium with a partial molal vol- 
ume of 3 cc. as a reasonable estimate in a 
silicate, in a binary solution at 2,000° K. 
with a density of 4 gm. per cc., we calcu- 
late 


~6 
1.366 X 10~* percm. 
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or —o.1366 per km., where U is the molefraction of uranium. Thus under these 
conditions the uranium molefraction should increase around 13 per cent per 


kilometer drop away from the surface of the earth, or it should double for every 
5-km. drop if the earth were composed only of a binary solution of uranium 
obeying Henry’s Law. 

Let us now return to equation (3) to see what the uranium will do under con- 
ditions which more closely represent the situation in the earth. 


(Vip W) aN; (6) 


Nj—1'h “dh 


dN, dN, alnf; dN; 


RT \ AN, / dh ON, / dh ON; / dh 
where the subscripts for the partial differentials have been dropped to simplify the 


equations. 
If component 1 is uranium, and U is the molefraction of uranium, 


alnfy dN; aN; 


dU ( Ainfy\dN2_ ( Alnfv\ 
aN, / dh aN; dh 


dh\ 


= (Vup— 238) (7) 
This equation for the variation of uranium molefraction with height in a one- 
phase solution held in a gravitational field at constant temperature is com- 
pletely rigorous and general. If the uranium molefraction is very small, then a 
simplification can be made which will introduce negligible error. Henry’s Law 
will be assumed as was done for equation (5), and one obtains d In U’/dh instead of 


dh aU 

in equation (7). If we consider uranium in a solution containing iron, oxygen, 

silicon, and magnesium at 2,000° K., and if the density of the solution is taken as 


4 gm. per cc. and the partial volume of uranium in this solution is taken as 3 cc., 
then equation (7) becomes 


— 0.1366 — dO _ (nfo _ \ 


adh 00 “ere J dh \ adh Pet kilometer. (8) 


Since U’, O, Fe, and Si have been taken 
as the independent variables, the mole- 
fraction of Mg is a dependent variable 
and no magnesium term appears. The 
conditions of the partial differentiations 
must be carefully noted as indicated in 
equation (6). For example, @ In fy/d0 is 
the variation of the logarithm of the 


fugacity of uranium as oxygen is added 
at constant temperature and pressure 
with the molefractions of Fe, Si, and U 
kept constant but with the increase in 
molefraction of oxygen just compensated 
for by a decrease in the molefraction of 
magnesium. The same applies for the 
other terms. When iron is added as indi- 
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cated in the next term, magnesium must 
likewise be removed because of the inde- 
pendent variables chosen. 

To evaluate equation (8) quantita- 
tively, we must know how oxygen, iron, 
and silicon vary with height and also 
how the fugacity of uranium varies as we 
replace magnesium first by oxygen, then 
by iron, and finally by silicon, keeping 
each time the others constant. These 
quantities will be evaluated below, but 
before this is attempted one can qualita- 
tively draw important conclusions by ex- 
amination of equation (8). 

If we examine the terms of equation 
(8), we know that 4 In fy/d0 will be quite 
negative. That is, the replacement of 
some of the magnesium in the solution by 
oxygen will result in a lowering of the 
fugacity of the uranium due to the highly 
electropositive character of uranium. As 
will be discussed below, the oxygen mole- 
fraction is believed to increase consider- 
ably as one rises toward the surface of the 
earth. Thus the term —(0 In fy/00)(dO/ 
dh) will be quite positive. The next term 
can be expected to be of much less impor- 
tance, since the replacement of magne- 
sium by iron will not have a large effect 
on the uranium fugacity. This can be 
seen by recognizing that, in the oxide 
phases of interest, the elements are in 
ionic form and the main interactions are 
coulombic. Thus replacement of Mg** 
by Fe++ of almost the same size will pro- 


dinO 
0.01 


Since the uranium molefraction is con- 
sidered to be very small, its variation will 
not appreciably affect the oxygen fugac- 
ity, and it need not be considered as a 
variable. The 0.01 term was obtained by 
estimating a typical partial molal vol- 
ume for oxygen. 
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duce only a small change in the interac- 
tions with the other ions. The last term 
of equation (8) will also be small com- 
pared to the oxygen term, although it 
should be positive, since silicon is be- 
lieved to increase with height in the earth 
and since, for most compositions that 
would be found in the earth, the replace- 
ment of magnesium by silicon should 
cause some reduction of the uranium ac- 
tivity. Thus we see that all important 
terms of equation (8) after the first are of 
positive sign and the oxygen term is the 
major one. We will see below that we can 
expect it to be large enough to overcome 
the first term, so that we would expect 
d\nU/dh or dU /dh tobe positive, and the 
uranium should tend to concentrate up- 
ward in such a solution. 

In other words, the complete Gibbs 
equation for distribution in a gravita- 
tional field requires consideration of the 
effect of variation of the various com- 
ponents upon the fugacity of the com- 
ponent under consideration. Because of 
the great affinity of uranium for oxygen, 
the increase in oxygen molefraction as 
one rises to the surface causes the ura- 
nium to concentrate also in the same di- 
rection in spite of the density effect tend- 
ing to cause concentration in the oppo- 
site direction. 

One can set up an equation like equa- 
tion (8) for each of the components. For 
example, one obtains per kilometer 


Alnfo dFe (9) 


Qualitative consideration of the mag- 
nitude of the terms of equation (9) indi- 
cates that the last two terms will be quite 
small compared to the first large positive 
term. Thus the equation indicates that 
oxygen will tend to concentrate as depth 
decreases. 


| 
| 
q 
‘ 
+ 
\ 


If a similar equation is put down for 
iron, the first term is negative, while the 
second and third terms are positive. 
However, the first term is of larger mag- 
nitude than the others and predominates. 
Thus iron should concentrate as depth 
increases. The equation for silicon gives a 
very small negative first term, with the 
last two terms small but positive. Thus 
they tend to counteract one another. To 
indicate the variation of magnesium, one 
can write a similar equation allowing one 
of the other components, e.g., Fe, to be 
the dependent variable. The first term 
for magnesium is negative, the others 
positive but smaller; so magnesium 
should concentrate as one goes down in 
depth. The quantitative values will. of 
course be different at different heights 
due to the change of composition with 
height which will result in different val- 
ues for each term of all the equations. 
The qualitative results given above are 
for a depth of about 50 km. 

If one starts with a given solution in a 
gravitational field for which one has not 
even an approximate idea of any of the 
equilibrium concentration gradients, 
then one must set up a differential equa- 
tion similar to equation (g) for each of 
the major components. Then these equa- 
tions must be solved simultaneously. 
This is usually most conveniently done 
by successive approximations. Thus in 
the cases of a solution like that discussed 
above, the variation of the oxygen mole- 
fraction can be obtained from the first 
term of equation (9g) to a rather good first 
approximation. Then, using this, one can 
evaluate the first two terms of the equa- 
tion for the variation of iron to obtain a 
good approximation. With these two, one 
can evaluate all three terms of the silicon 
and magnesium equations. Then these 
results are substituted back into equa- 
tion (g) to obtain a second approxima- 
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tion of the oxygen gradient, and so on. 
After the main components are thus 
fixed, the minor components can be di- 
rectly determined. This will be illustrated 
for uranium. 

To illustrate the method of evaluating 
equation (8), we will take a solution at 
2,000° K. with a density of 4 gm..per cc. 
and with a composition intermediate be- 
tween the compositions of the igneous 
rocks corresponding to about 10 km. be- 
low the surface and the plateau basalt 
corresponding to about 43 km. below the 
surface. The partial molal volume of ura- 
nium in the solution will again be taken 
as 3 cc. Barth (1948) and Brown and Pat- 
terson (19474, b; 1948) tabulate data on 
the compositions of these rocks. From 
their data in molefraction per kilometer, 
dO/dh = 3.2 X 107-4, dSi/dh = 8.8 X 
1074, and dFe/dh = —3.5 X 1074. Accu- 
rate data for the coefficients 0fy/AN, are 
not available for the composition taken. 
However, estimates can be made by con- 
sideration of the heats of formation of the 
oxides of uranium, iron, silicon, and mag- 
nesium given by Brewer (1948) and 
Brewer, Bromley, Gilles, and Lofgren 
(1951). In addition, data on the heats of 
formation of various silicates were kindly 
supplied by Kelley and Richardson (per- 
sonal communications). These estimates 
are not very accurate, but they are suf- 
ficient to illustrate the use of the equa- 
tion. 

In the U,_,O, (x = 0.11) homogeneity 
range, In fy/d9 can be calculated from 
available data to be around — 1,400 per 
molefraction at 2,000° K. If, instead of a 
binary U-O system, we have an O-Fe-Si- 
Mg system containing a trace of ura- 
nium, the main effect would be that 
d In fy/A would be even more negative 
because of the silicon which should sta- 
bilize the higher oxidation states of ura- 
nium more than the lower. The exact 
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amount is difficult to predict. Somewhere 
between — 1,500 and — 2,000 would seem 
like a good estimate, with — 1,700 being 
the best estimate for @lnfy/do at 
2,000°K. in the silicate material de- 
scribed above. 

The third term on the right-hand side 
of equation (8) should be so close to zero 
that, within the accuracy of estimation 
from available data, it is best taken as 
exactly zero. 

The quantity d1n fy/ASi is especially 
difficult to estimate from available data 
but fortunately is not too important. Its 
value probably lies between —5 and 
—s5o. The best estimate that can be 
made is about —30 per molefraction. 
Thus for equation (8) we _ have 
d In U/dh = —0.137 — (—1,400)(3.2 X 
10-4) — o — (—30)(8.8 X 10) = 
—0.137 + 0.45 + 0.026 = 0.34 per kilo- 
meter. 

Thus at the depth taken, the equilib- 
rium uranium gradient should corre- 
spond to doubling every 2 km., with the 
uranium concentration increasing as one 
rises to the surface of the earth. Of course 
since the oxygen, iron, and silicon gradi- 
ents are varying with height and the 
composition of the material in the earth 
and therefore the dln fy/@N values are 
varying with height and since the partial 
molal volume of uranium as well as the 
density of the over-all material are dif- 
ferent as different heights, one would cal- 
culate for equilibrium conditions a dif- 
ferent dln U/dh value at each height. 
Calculations similar to these can be car- 
ried out not only for uranium at various 
heights but also forthe major components 
as described above. 

If one starts with a homogeneous one- 
phase solution and places it in a gravita- 
tional field, transport of the various com- 
ponents will take place with some rising 
and some sinking in an attempt to attain 


the equilibrium conditions required in 
the gravitational field. If the rates are 
rapid enough or sufficient time is al- 
lowed, appreciable concentration gradi- 
ents will form. Thus in solutions of the 
composition discussed above, iron will 
concentrate at lower depths, while oxy- 
gen will concentrate in the opposite di- 
rection. The equations given above indi- 
cate the final equilibrium gradients. It is 
important to note that these equations 
are completely independent of the mech- 
anism of transport. All mechanisms will 
tend to produce these equilibrium condi- 
tions which must be the final state of the 
system we are discussing if sufficient time 
is allowed. However, no indication can be 
obtained from thermodynamics of what 
time will be required, whether it be one 
hundred thousand years or one hundred 
billion years. If the concentration pro- 
ceeds far enough so that the solution be- 
comes saturated at one end or the other 
with respect to another phase, then fur- 
ther transport of material will result in 
the formation of some of the new phase. 
One will then have two phases, each of 
which will have concentration gradients. 
There will be a concentration discon- 
tinuity at the point of contact of the two 
phases, but the fugacities will be equal at 
that point. It is possible to have even 
more phases separate out as the concen- 
tration continues, and there is no limit to 
the number of phases possible, as the 
phase rule is indeterminate in a gravita- 
tional field as shown by Swietoslawski 
(1947). 

If one compares the expected distribu- 
tion of elements as calculated from the 
Gibbs equations with the distributions 
reported by Brown and Patterson (19474, 
b; 1948), one finds that reasonable esti- 
mates of the fugacity coefficients will re- 
produce his reported results as if the 
earth were in equilibrium with respect to 
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the gravitational field. This might be 
taken as evidence in favor of the forma- 
tion of the earth from a hot molten mass 
in which convection currents and other 
transport mechanisms brought about the 
equilibrium concentration distribution. 
However, agreement can also be obtained 
between Brown and Patterson’s reported 
values and the values that would be ex- 
pected on the basis of a model in which 
the earth was formed by the aggregation 
of dust particles falling under the action 
of gravity. If in the original dust there 
were a distribution of the elements ac- 
cording to chemical affinity such that 
strongly electropositive elements like 
uranium were more concentrated in par- 
ticles high in oxygen than in particles 
high in iron, for example, then the fall of 
these particles through the gas of the 
solar system would result in a segregation 
very similar to that reported by Brown 
and Patterson. This is due to the fact 
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that the terms of the Gibbs equations 
which might be designated as chemical 
terms are very important, and the dis- 
tribution of many of the elements would 
be determined more by their chemical 
affinity for oxygen and the other major 
components than by their density. It 
would be reasonable to expect a similar 
distribution based on chemical affinity 
among dust particles of the solar system. 
If these particles are then separated on 
the basis of the density of the main com- 
ponents, we see that either mechanism 
gives similar results, and we cannot, un- 
fortunately, draw any conclusions in re- 
gard to the probabilities of the two mech- 
anisms from these data. 
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TECTONICS OF THE BARR-ANDLAU PLUTON IN 
THE NORTHERN VOSGES, FRANCE! 


D. DE WAARD 
University of Utrecht 


INTRODUCTION 


The granite pluton of Barr-Andlau (fig. 1) 
is the western corner of a batholith of which 
the eastern part is down-faulted into the 
Rhine graben. The granite is related to the 
Hohwald and Champ du Feu granite, grano- 
diorite, and diorite complex, which occupies 
a large area in the northern Vosges. These 
batholiths are separated from the gneiss 
and granite area of the middie and south- 
ern Vosges by a zone of slate and phyllite. 
The granites intruded the slaty rocks, form- 
ing a broad and continuous contact aureole. 

The Barr-Andlau pluton became well 
known as a result of the classic investiga- 
tions of Rosenbusch (1877), who devoted a 
monograph to the detailed description of the 
contact rocks and to the processes of con- 
tact metamorphism in general. The contact 
aureole around the Barr-Andlau pluton, fre- 
quently mentioned in handbooks of petrol- 
ogy, is considered to be one of the best ex- 
amples of contact metamorphism. Since 
Rosenbusch’s work, hardly anything new 
has been published about this area. The 
extensive knowledge of the petrology of the 
Barr-Andlau area invited mapping in a 
purely structural sense as a tectonic sup- 
plement to the petrologic work of Rosen- 
busch. 


THE SHAPE OF THE PLUTON 


The poorly exposed mountain slopes do 
not facilitate detailed mapping. Hillside 
waste and creep are especially common in 
the area underlain by country rock. Lack of 
outcrops makes a precise determination of 
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contacts and boundary lines difficult. In 
many places mapping cannot be done except 
by identification of loose material, which 
may easily lead to incorrect plotting of the 
proper contact lines. 

The pluton shown on _ Rosenbusch’s 
(1877) map (published on the scale 
1: 80,000) has an irregular, roundish outline. 
During.the present mapping a number of 
outcrops was found near the contact, show- 
ing that the pluton has a more nearly round 
shape except for the eastern limitation. 

On Jung’s (1928) geologic map of. the 
Vosges (1: 200,000) the Barr-Andlau pluton 
is bordered on the west by a long, straight 
fault, parallel to the fault system of the 
Rhine graben. This is also shown on De 
Margerie’s (1930) geologic map of Alsace- 
Lorraine (1:200,000). A second long fault 
was shown by De Margerie to cross the 
pluton in a north-south direction. No evi- 
dence of these faults is observed in the field. 
If they exist, their displacement has not 
greatly influenced the original shape of the 
pluton. 

In detail, the contact is usually not so 
smooth as is suggested by the structural 
map (fig. 2). Outcrops showed. irregularities 
of decimeters or meters, locally concordant 
with the schistosity of the country rock, else- 
where following planes that were probably 
preintrusive joint systems. Elsewhere, e.g., 
in the northern contact, the irregularities 
are rounded off to an irregularly undulating 
contact plane. The contact is in all places 
very sharp, with hardly any marginal tex- 
ture in the granite. Small veinlike apophyses 
of granitic composition were observed only 
within a few decimeters of the contact. 
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THE GRANITE PLUTON 


The Barr-Andlau granite is a homogene- 
ous, coarse-grained rock of a light-gray color 
with moderately large pink feldspars. In 
spite of its porphyritic texture, the granite 
proved to have a very indistinct fabric. The 
larger feldspars are probably too nearly 
spherical to be oriented, or, if they are, the 
orientation is very weak. In the fresh rock 
in quarries some parallelism of biotite and 
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Numerous dark inclusions are found 
throughout the granite (pl. 1). Some are 
presumably of sedimentary origin, being 
bedded or schistose in appearance. Most of 
them are of massive, fine-grained dark rock ; 
others havea porphyritic or medium-grained 
dioritic appearance. According to their sec- 
tions and weathered-out parts, most inclu- 
sions proved to have the shape of a triaxial 
ellipsoid. By measuring the directions of the 
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Fic. 1.—Geographical position of the Barr-Andlau pluton in northeastern France 

two long axes of the inclusions, the flow 

structures in the granite pluton were found. 
The orientation of the inclusions proved 

to be by no means perfect. In every outcrop 


plagioclase crystals could be observed. The 
orientation is, however, so weak that it was 
not usable for an unraveling of the flow 
structure of the pluton. 


PLATE 1 


Granite outcrop near Andlau, with three weathered-out inclusions. The photograph was taken toward 
the west, not far from and parallel to the contact, which dips to the south (/eft). The inclusions are oriented 
with one long axis dipping 50° toward the contact. The second long axis, exposed in the upper inclusion 
~— ares is roughly horizontal (seen end-on in the picture), thus revealing planar orientation dipping 50° 
to the left. 
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Fic. 2.—Structural map of the Barr-Andlau pluton 
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the average direction of as many measure- 
ments as possible was ascertained. Theoreti- 
cally, a planar as well as a linear parallelism 
may be found, the former by measuring the 
strike and dip of the plane of the two long 
axes, the latter by measuring the direction 
and the dip of the longest axis. As only sec- 
tions or weathered-out parts of the inclu- 
sions are commonly found and these vary in 
shape and direction, much patience and 
imagination are required to determine either 
the dominance of planar or of linear orienta- 
tion or the coexistence and consistency of 
both. Full details on these structural proper- 
ties could not be secured from every ex- 
posure. In somie places the small number of 
inclusions gave only an indication of the 
strike direction. These are drawn in on the 
map without figures. 

Fifty-five measurements, over the 5 
square kilometers of the pluton surface, 
yielded the flow picture given in the struc- 
tural map (fig. 2). Linear and planar flow 
structures of this part of the massif show a 
simple, single, elongated dome, of which the 
larger part, including the center, must be 
down-faulted to the east into the Rhine 
graben. In a north-south direction the re- 
maining part of the dome is of unsymmetri- 
cal structure, the apex being much closer to 
the northern contact. Planar flow structures 
show a well-developed conformability with 
dips of 80°-50° toward the country rock 
near the contacts. Flow lines indicate a pref- 
erence for the west-east direction in this 
part of the pluton during its emplacement. 


THE COUNTRY ROCK 


The measurements in the slates south of 
the pluton show great uniformity in the 
cleavage direction. Dips vary from steep 
to the north, at go”, and steep to the south. 
This variation is connected with the pres- 
ence of numerous closed folds with approxi- 
mately horizontal fold axes. 

The slate series is divided into the Steiger 
slates in the north and the Weiler phyllites 
in the southern part. In Rosenbusch’s 
(1877), Jung’s (1928), and De Margerie’s 
(1930) maps the boundary line between 
slates and phyllites—bending from west- 
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southwest to east-northeast in the west to 
west-northwest to east-southeast south of 
the pluton—runs about 500 meters south 
of the contact. According to this mapping, 
the pluton walls, as well as the contact 
aureole, lie exclusively within Steiger slates. 

It appears from the author’s measured 
outcrops, however, that the boundary line 
between both rock types runs parallel with 
the cleavage direction and thus penetrates 
the contact aureole. This trend suggests, 
therefore, that part of the southern wall 
rock of the pluton, consisting of andalusite 
hornfels, probably originated from phyl- 
lites of the Weiler series. Apart from the nar- 
row zone of andalusite hornfels, identical in 
appearance with that of the Steiger slates 
west of it, the phyllite appeared to have been 
hardly affected. Spotted phyllites with in- 
distinct spots instead of the three-dimen- 
sional knots in the metamorphic Steiger 
slate are found locally. 

The structural effect of the intrusive ac- 
tion on the contact zone is not very spec- 
tacular. In the southern contact zone, there 
is a general tendency for the cleavage planes 
to be bent toward the northeast when ap- 
proaching the contact. Generally, strike- 
and-dip directions of steeply inclined layers 
will be little affected by upward-directed 
drag. The effect of drag may be determined 
by the change in the plunge of the fold axes. 
One observation of a fold axis in the contact 
zone, dipping 65° instead of the normal 10°- 
15° may indicate such drag caused by dia- 
piric action. 

Unlike the discordant structure of the 
southern contact zone, the northern and 
northwestern part of the aureole has a con- 
cordant form. This contrast is accompanied 
by a difference in the appearance of the 
andalusite hornfels. The hornfels in the 
north is distinctly more massive; remnants 
of the original cleavage planes are hardly 
visible or have completely disappeared. The 
rock gives the impression of a more thor- 
ough recrystallization of the original sedi- 
ments than is shown by the hornfels of the 
southern contact. 

These two differences may be related. A 
higher degree of metamorphism in the north 
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may have increased the plasticity of the wall 
rock, causing it to yield to the diapiric force 
of the intrusion and the formation of a con- 
cordant structure in the contact zone. Lack 
of exposures west of the pluton hampered 
the study of the connection between the 
structures of the northern and southern con- 
tact zones. 


A COMPARISON WITH THE MOUNT 
AIGOUAL PLUTON 


All structural characteristics of the plu- 
ton—the indistinct fabric in the granite, a 
perfect flow structure of domed shape, con- 
formability of the inner structure against 
discordancy of part of the wall rock—indi- 
cate a post-tectonic emplacement of the plu- 
ton. According to Jung (1928), the intrusion 
must be dated in the Visean period after the 
main orogenic (Sudetic) phase in the Lower 
Carboniferous. The age of the intruded slate 
series is uncertain. Jung mentions a pre- 
Cambrian age for the Weiler phyllites and a 
Cambrian age for the Steiger slates. 

The Barr-Andlau pluton may be de- 
scribed as a periclinal, autonomous pluton 
of porphyritic granite with flow facies in an 
elongate, unsymmetrical dome of flow 
lines and layers which was disharmoniously, 
conformably, partly discordantly, and post- 
tectonically intruded into the Variscan oro- 
gen (definition according to the terminology 
of H. Cloos, 1928). 

A similar definition was applied to the 
Mount Aigoual pluton in the southeastern 
Central Massif (De Waard, 1949a, 6), which 
resembles the Barr-Andlau pluton in size, 
age, constitution, and country rock. Nu- 
merous differences between the plutons are 
found, however, which may be summarized 
as follows: 
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The Barr-Andlau pluton has a broad con- 
tact aureole; the country rock recrystallized 
strongly and behaved plastically at the 
northern contact during the intrusion. 
Hardly any migmatization and only a few 
dikes are observed. The granite has, except 
for the numerous inclusions, an indistinct 
fabric, indicating a rather fluid condition of 
the intruding mass. The Mount Aigoual plu- 
ton, on the other hand, has a very narrow 
contact aureole of mainly migmatized (ar- 
terites and Jit par lit injections) and little 
recrystallized rock. The pluton was intruded 
mainly parallel to pre-existing joint systems; 
the country rock is block-faulted and pene- 
trated by dike swarms of granite porphyry. 
The distinct parallelism of the granite indi- 
cates an intrusion in a mushlike condition. 

Factors possibly responsible for these dif- 
ferences are the temperature and composi- 
tion of the intruding mass, the properties of 
the country rock, and the depth of the in- 
trusion. As to the slaty country rock, both 
plutons have been epizonally intruded, 
which—because this is a very rough term— 
leaves room for a depth variation of possi- 
ble importance. Apart from the influence of 
the composition of the intruded mass (gran- 
odiorite in the Mount Aigoual pluton) and 
of the properties of the slaty rock (e.g., a 
higher porosity and a larger content of 
free and adsorbed water in the Steiger 
slates), the Barr-Andlau pluton gives the 
impression of having been intruded at a 
higher temperature, in a more liquid condi- 
tion, and deeper in the earth’s crust than 
the Mount Aigoual pluton. 
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AN ARGUMENT IN FAVOR OF GLACIAL CONTROL OF CORAL REEFS’ 


PH. H. KUENEN 
Geologisch Instituut, Groningen 


This note presents an argument, believed 
to be new, which testifies to the importance 
of glacial control in developing the shape of 
present reefs. The data and deductions fa- 
voring subsidence as the dominant factor in 
the construction of reef foundations will not 
be reiterated. Neither do we need to review 
the problem of whether the low-level attack 
of preglacial reefs was by mechanical or by 
chemical action. The reader is referred to an 
earlier paper (Kuenen, 1947) or to a more re- 
cent summary (Kuenen, 1950). In the latter, 
the present writer attempted to combine 
subsidence, as advocated by Darwin (1874) 
and Davis (1928), with glacial control of the 
uppermost story of the great reef-buyildings. 

The main arguments put forward by Daly 
(1934) in favor of his hypothesis for the gla- 
cial control of coral reefs were the following: 
(1) The depths of atoll and barrier-reef la- 
goons, of banks without reefs, and of the 
shelf tend to approach the same figure every- 
where on earth. The value of about 90 me- 
ters is rarely exceeded. If, as Darwin and 
Davis claimed, the lagoon waves and cur- 
rents were actually able to fill the moat be- 
tween sinking island and upgrowing reef 
with sediment, so as to form a smooth floor, 
the depth would still be expected to vary 
systematically in the direction of the pre- 
vailing or dominant winds. For example, in 
the trade-wind belt the filling of the lagoon 
basin should be differential and the depth 
different (probably deeper) on the down- 
ward side in consequence of larger waves. 
Yet the charts display no such effect. 
(2) The breadth of atoll and barrier-reef rims 
is remarkably constant and small through- 
out the coral seas. It averages 600 meters. 
These two observations indicate that all 
reefs have been formed in, roughly, the same 
short length of time, starting from a com- 
mon level at least some 50 meters below 
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the maximum depth at which they can now 
thrive. 

Davis further showed that there are sig- 
nificant differences between the torrid west- 
central coral seas and the cooler marginal 
belts. In the latter, plunging cliffs are found 
on the barrier-reef islands, and many reefs 
are located inside the edge of the platforms 
on which they are situated. 

In the central coral seas the islands show 
no evidence of wave attack, and the barrier 
reefs and atoll reefs in all cases fall off 
steeply into deep water. Here reefs contin- 
ued to protect the shores during periods of 
low sea level. 

These differences were attributed by 
Davis to the killing of reefs during the cold 
stages of the Ice Age in the less favorably 
situated areas of the present coral seas. 
Waves then attacked the central islands and 
cut the cliffs. 

For the marginal belts Davis thus upheld 
the principles of glacial control. The founda- 
tions of the reefs, however, he attributed to 
Tertiary coral reefs built up on a subsiding 
foundation throughout the coral seas. In 
this respect he differs from Daly, who main- 
tains that, as a general rule, the foundations 
at about go meters’ depth are formed of 
noncoralliferous rock. 

In the hypothesis put forward by the 
present author the emerged reefs were at- 
tacked and possibly entirely destroyed by so- 
lution. In the central coral seas the corals 
were not killed, however, and they contin- 
ued to lend protection against wave attack 
at the new sea level. Recolonization was not 
needed; hence the reefs grew up from the 
edges of the platforms. In the marginal belts, 
en the other hand, the corals were sup- 
pressed, and mechanical attack of central 
islands took place. Recolonization in many 
cases resulted in reefs built well in from the 
edges of the developed reef platforms. 
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Some years ago (1947) the writer deduced 
a new argument in favor of the importance 
of glacial control all over the coral seas. Al- 
most all present barrier and atoll reefs show 
one to many passages, several of which reach 
down well beyond the maximum depth for 
coral life. 

Strong currents prevent the accumulation 
of debris in these passages, and, as the depth 
is beyond active coral growth, the gaps can- 
not be eliminated. In some cases, horns have 
grown inward from the adjoining reefs, pro- 
ducing long, narrow channels. Given a great 
length of time, it is conceivable that excep- 
tionally large blocks could gradually fill the 
gap and finally allow corals to bridge the 
passage. But it is obvious that the conditions 
under which the passages were produced are 
not those under which they could again be 
closed, and, vice versa, the conditions under 
which a deep breach in the reef could be re- 
built would not allow these gaps to be 
formed. 

Under the postulates of glacial control the 
existence of passages presents no difficulty. 
They are merely parts of the rim which 
failed to grow up and keep contact with the 
postglacial rise of sea level. 

The accumulating data strongly favor 
subsidence according to Darwin’s theory as 
the dominant factor in producing the foun- 
dations of the majority of atolls and barriers. 
The almost total absence throughout the 
coral seas of passages deeper than 80-100 
meters, however, can be reconciled with the 
deep subsidence called for by Darwin’s theo- 
ry only if it is assumed that passages are a 
recent development. Had they been com- 
mon during Tertiary time, when the founda- 
tions below 100 meters’ depth were being 
built up on the subsiding sea floor, there 
could not fail to have been a vast number of 
passages of all depths, many of which would 
have been very deep. Some factor must 
have been newly added to the conditions 
controlling reef growth. This factor must 
have acted on practically all reefs, and its in- 
fluence must have been restricted to depths 
of less than 100 meters. This factor is obvi- 
ously the influence of the Ice Age. 
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Thus two possibilities are imagined—one, 
the breaching of solid rims formed in pre- 
glacial times and the failure, later, to fill the 
gaps; the other, the entire rebuilding of the 
present incomplete rims after complete de- 
struction during the Ice Age. These alterna- 
tives are both in contrast with the upgrowth 
of unbroken structures of Tertiary age. This 
contrast can be readily accounted for. The 
velocity of vertical movements of the earth’s 
crust is generally only 1o per cent or even 
less of the rate at which postglacial sea level 
rose. As the latter approached the maximum 
rate at which a reef can be built upward, a 
logical consequence would be the construc- 
tion of reefs, with here and there a gap. The 
slow preglacial subsidence, on the other 
hand, allowed the building of uninterrupted 
reefs. 

The newly discovered argument in favor 
of glacial control can now be fitted into this 
picture. It is likewise founded on a general 
feature of barrier reefs. The great majority 
of barrier-reef islands are surrounded by 
fringing reefs. 

Darwin does not mention the occurrence 
of this combination, although his diagrams 
illustrating the formation of barriers and 
atolls show a sea-level fringe, presumably of 
coral growth, attached to the subsiding 
island. He attempts at great length to show 
that fringing reefs occur only in regions 
where barriers and atolls are absent. Yet 
countless examples of fringes within barriers 
are shown on modern charts (fig. 1). 

Curiously enough, it does not appear to 
have struck later writers that this normal 
combination of barriers and fringing reefs 
appears to contradict flatly Darwin’s basic 
assumptions. For, if the foundation of a 
fringing reef subsides, it should grow up to 
form a barrier, according to Darwin. In 
other words, present barrier-reef islands will 
in future become double barriers. If the 
process were to be repeated, even nested 
barriers should be formed, finally resulting 
in nested atolls with a central coral patch. 
The only case known to the author of what 
might be termed a double barrier is found to 
the west of Viti Levu (fig. 2). Compared to 
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Fic. 1.—Example of the frequent combination of barrier and fringing reef. South coast of Tagula 
Island. Depths in fathoms. 
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Fic. 2.—The double barrier reef northwest of Viti Levu, a very rare feature in the coral seas. Depths 
in fathoms. 
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the vast number of barriers combived with 
fringing reefs, this example is merely an ex- 
ception proving the rule. Hence the conclu- 
sion is warranted that the combination of a 
barrier reef and a fringing reef is a recently 
formed monstrosity. 

Davis touches lightly on this problem. He 
explains (p. 29) how a fringing reef changes 
to a barrier on a subsiding foundation and 
contiaues thus: 


In the meantime, new fringes will be contin- 
ually formed along the receding shore line at 
higher and higher levels, as the lagoon encroach- 
es more and more upon the slope of the subsiding 
reef foundation; but, apparently in consequence 
of the enfeebled growth of corals and their as- 
sociated organisms in the lagoon waters, the 
new fringes do not as a rule grow up to form new 
barriers but sidle retrogressively up the slope 
and hold to the shore. 


He then gives two examples of what he 
claims are double barriers—one in Fiji and 
one at New Georgia in the Solomon group. 


However, the so-called “double barrier” 
of Vanua Levi, Fiji, is merely an irregular 
row of very large faroes situated abnormal- 
ly close to the central island. The other ex- 
ample, the raised barrier of New Georgia, 
is also of this type. 

The remark, “apparently in consequence 
of the enfeebled growth of corals,” expresses 
an entirely unsatisfactory postulate to ac- 
count for the failure of former fringes inside 
barriers to form secondary barriers on a sink- 
ing foundation. In the first place,a boat chan- 
nel usually separates the fringe from the is- 
land. Hence no detritus reaches the reef from 
land. The reef is already loosened from the 
island and ready to grow up, according to the 
postulates of Darwin’s theory. Descriptions 
of reef patches and fringing reefs, both in la- 
goons, in many cases emphasize the flourish- 
ing character of these growths. In fact, the 
absence of heavy surf, although giving rise 
to other more delicate types of growth, is 
certainly not unfavorable to the construc- 
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tive activity of the reef. There does not ap- 
pear to be any foundation for Davis’ remark. 
The only logical conclusion is that present 
fringes will grow up if subsidence continues 
and that former preglacial fringes were in 
very much poorer condition than present 
ones or were entirely absent. Hence the com- 
bination of a barrier and a flourishing fring- 
ing reef is a monstrosity caused by a recent 
world-encircling change of conditions in the 
coral seas. 

The factors called upon to account for the 
sudden development in the coral seas of deep 
passages can perhaps also explain the growth 
of these monstrosities. The unbreached pre- 
glacial structures may not have shown la- 
goons. Then no separate fringing reefs could 
have formed. If lagoons were present, the 
conditions for coral life should have been 
less favorable than in present lagoons. The 
latter are ventilated, and, both as to food 
supply and deleterious silt, they must pre- 
sent a more suitable environment for reef- 
building than do closed lagoons with a sea- 
level reef all around the edge. 

In other respects, also, postglacial condi- 
tions have differed from preglacial ones, but 
it is difficult to show that these differences 
favor postglacial growth of fringing reefs. 
Did the swinging sea level wash clean the 
slopes on the central island, thus providing 
a suitable foundation, and was there less 
debris left to damage coral life during the 
postglacial upgrowth? 

The conclusion is that glacial control has 
resulted in some features in the coral-reef 
seas which cannot have existed in Tertiary 
times. On the one hand, lagoon depths and 
reef breadths are much more uniform. On 
the other hand, reefs are in most cases 
breached by one to many passages, and 
barrier reefs are combined with fringing 
reefs. Before glacial control became active, 
lagoons were of variable depth or absent, 
reefs were of variable breadth but continu- 
ous, and barrier reefs encircled islands with 
only stunted fringing reefs. 
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TURBIDITY CURRENTS AS THE CAUSE OF GLACIAL VARVES' 


PH. H. KUENEN 
Geologisch Instituut, Groningen 


In a joint paper with Migliorini (1950), 
the conclusion was drawn that most cases of 
graded bedding are to be attributed to the 
action of turbidity currents. It was briefly 
stated that glacial varves, although forming 
a classical example of this type of bedding, 
do not appear to have been deposited by the 
said mechanism. The main reason for this 
conclusion was that, at the time of writing, 
the origin of the turbidity currents was 
sought mainly in subaqueous slides, which 
could change to turbulent flows on a down- 
ward slope. It appeared most unlikely that 
slides took place in the glacial lakes with a 
yearly rhythm. 

However, sliding is not the only possible 
mechanism by which a turbidity current can 
be started. An estimate shows that the 
density of sediment-laden meltwater issuing 
from the waning Pleistocene ice sheets must 
have been heavier than the clear lake water, 
although the latter was at a temperature of 
maximum density. As a rule, the density of 
the meltwater will even surpass that of 
brackish water with a salinity one-fiftieth 
of normal sea water. Hence the meltwater 
must have followed the bottom of the glacial 
lakes and did not rise to the surface. 

De Geer always maintained, in opposition 
to most geologists, that underflow has been 
active. He pointed out that the sandy proxi- 
mal parts of varves show current bedding, 
that more sediment is deposited on the proxi- 
mal than on the distal slopes of hillocks on 
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the bottom, and that isopachs demonstrate 
how the current was split by esker deltas 
which were covered by water 100 meters 
deep. These arguments have been ignored by 
other glaciologists, in spite of their convinc- 
ing character. 

Now that it has been shown that the 
mechanism of turbidity currents is a power- 
ful means of transport and is able to form 
graded deposits, the full weight of De Geer’s 
arguments will be realized. 

The nature of the turbidity flows in the 
glacial lakes is somewhat different from that 
of the currents which are imagined to have 
deposited graded graywackes and graded 
deep-sea sands. Instead of the sudden pro- 
duction and release of turbid water on a 
slope—the result of a subaqueous slide—the 
supply was maintained for weeks on end. 
Pulsations are indicated by the laminated 
character of proximal varves, but, on the 
whole, the supply lasted for the entire melt- 
ing season. Beyond the slopes of the eskers, 
the currents passed over practically hori- 
zontal bottoms. They fanned out rather 
slowly, mainly owing to their own thickness, 
in the manner of a cold-weather front reach- 
ing over a land surface. At the beginning of 
the melting season, when the deposits of the 
sluggish winter period were flushed out, the 
density must have been well above the av- 
erage. Silt and sand could then be carried 
farther afield. This explains why the summer 
lamina tends to start with the coarsest 
fraction at its base. 

The summer laminae of varves are 
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thought to have been deposited by these 
flows up to distances of a few dozen kilo- 
meters from the ice front. The ultra-distal 
parts of the summer laminae and the whole 
of the winter laminae were dropped from the 
surface and the body of the lake. Fine ma- 
terial had reached the surface because it was 
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contained in more dilute portions of the 
meltwater, which rose to the surface and 
spread out there. Some diffusion through the 
lake water from turbulent mixing with the 
underflow will also have taken place. 

This bare outline of conclusions has been 
elaborated elsewhere (1951). 
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RHOMBOIDAL MARKINGS PRODUCED BY SWASH AND BACKWASH! 


O. F. EVANS 
University of Oklahoma 


The swash and backwash caused by 
waves moving obliquely against a sandy 
shore sometimes produce a criss-cross pat- 
tern of rather evenly spaced lines. Johnson 
(1919, p. 517) mistakenly ascribed them to 
the splitting of the backwash current into 
diverging minor currents as it moves down 
the slope and suggested that the pattern be 
called “backwash mark.” 

Inspection of any sandy beach slope at a 
time when moderate waves are meeting the 
shore at an oblique angle will reveal the true 
explanation. As the wave breaks against the 
shore, the swash moves diagonally up the 
slope and then, under the influence of grav- 
ity, moves down again in a direction that 
makes an acute angle with that of its ascent. 
These movements, under certain conditions 
of adjustment between water velocity and 
size of sand grains, produce a series of small 
grooves in the sand that give a criss-cross 
pattern of parallel lines. In places they are 
40r 5 inches apart but are in many cases more 
closely spaced. Apparently, the stronger the 
swash and backwash, the wider the spacing 
of the grooves. They seem to form best when 
the beach slope is such that the velocities of 
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the two movements are about equal. Usualiy 
each set of markings is wiped out by the fol- 
lowing wave, and a new set is formed. They 
may be most easily seen on a bright day if 
one stands so that the sunlight is reflected 
from the wetted surface. Though usually 
transitory, they may be preserved for sever- 
al hours. In the summer of 1950 on the Lake 
Michigan beach, just north of the White 
Lake piers, waves about 2 feet high were 
breaking against a beach slope of about 10°. 
The wind was going down and the waves 
rapidly decreasing in size. One of the larger 
waves caused a swash and backwash high 
up the slope and formed a beautiful sym- 
metrical rhomboidal pattern. Because of the 
rapidly decreasing size of the waves, the 
pattern was not wiped out by the following 
waves and remained for several hours, until 
obliterated by wind-drifted sand. 

Careful observation shows that the for- 
mation of rhomboidal patterns is much 
more common than is supposed. Even on 
small lakes, where the swash rises only a 
few inches up the beach, the pattern may 
be seen by looking carefully at the wet re- 
flecting surface. The groovings are very 
slight, only a fraction of an inch apart, and 
last for only a few seconds. 
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Whether rhomboidal pattern is ever pre- 
served in sedimentary rocks is not known. 
Shrock (1948, pp. 127-138) does not men- 
tion it; nor have I seen it or heard it men- 
tioned by otner field geologists. However, 
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though not so common as rill marks and 
swash marks, it is formed in the same place 
on the beach and has much the same mag- 
nitude and hence should be one of the fea- 
tures found preserved in sandstone. 


REFERENCES CITED 


Jounson, D. W. (1919) Shore process and shoreline 
development, New York, John Wiley & Sons, Inc. 


Surock, R. R. (1948) Sequence in layered rocks, 
New York, McGraw-Hill Book Co., Inc. 


A NOTE ON STYLOLITES IN OOLITIC LIMESTONE! 


EDSON S. BASTIN 
Ithaca, New York 


Some years ago Mr. H. L. Griley, of 
Philadelphia, sent to the writer a hand speci- 
men of odlitic limestone from the Arbuckle 
Mountains, south of Ada, Oklahoma. He 
sent it with the following comment: “The 
stylolites in the specimen appear to me to 


is a gray limestone composed of (1) large, 
nearly spherical odlites 2-5 mm. in diameter, 
some of them with concentric structure; 
(2) small odlites, spherical or oval, and 1 
mm. or less in diameter; and (3) a few small 
fossils and nonodlitic detritus. Although 


Fic. 1.—Sketch of odlites cut by stylolitic seam 


be secondary to the odlites, that is, to the 
consolidation of the carbonate rock.”’ As the 
origin of stylolites is still a subject of diverse 
interpretation, it seems well to record the re- 
lations shown in this specimen and the con- 
ditions of origin they seem to imply. 

The specimen came from the Chimney 
Hill limestone, which is of Silurian age. It 
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thoroughly consolidated, the specimen has 
been considerably weakened by fracturing 
and probably would not withstand the saw- 
ing and polishing necessary for photograph- 
ing the stylolites. The relations of the stylo- 
lites to odlites within a small area have there- 
fore been sketched under a binocular micro- 
scope equipped with camera lucida and are 
shown in figure 1. 
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The specimen, which is about 6X 10X15 
cm., is traversed by a single stylolitic part- 
ing, in which the sinuosities swing back and 
forth through a width or amplitude of about 
5 mm. The stylolitic parting is sharp and 
narrow and is not marked by any deposits 
of argillaceous material, as in some occur- 
rences of stylolites. As the figure shows, con- 
siderable portions of some large odlites, as 
well as parts of smaller oélites, have been 
removed in the process of stylolite forma- 
tion. Stylolites are mot formed at the con- 
tacts of odlites, as they are in some cases 
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along the contacts of pebbles in limestone 
conglomerates (Bastin, 1940). 

From these relations, it seems necessary 
to conclude that the stylolitic parting was 
formed not only after the formation of the 
odlites but after their cementation into a co- 
herent rock. Whether the formation of the 
stylolite was initiated along an obscure bed- 
ding direction or along a fracture is uncer- 
tain. 
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A REVISED ORIENTATION OF MICROCLINE AND ITS GEOMET- 
RICAL RELATION TO ALBITE AND CRYPTOPERTHITES' 


FRITZ LAVES 
University of Chicago 


The crystallographic orientation of tri- 
clinic crystals is more or less arbitrary. The 
first description is generally used in text- 
books and in later work, and, to avoid con- 
fusion, one does not depart from earlier 
descriptions. It is, however, desirable to 
change an earlier choice of axes if the new 


TABLE 1 


| “High” 
Albite 
12.9 | 
7.2 
94°20" | 
~116° 
87°30" 
86°20’ 
90°30" 


“‘Low”’ 


Albite 


Micro- 


Element , } 
cline | 


8.1 
12.9 
7-2 
93°32” 
~116° 
89°58" 


010) A (oo!) 
88°17’ 


*=(010)A(100).. 


choice expresses definite structural relations 
previously unknown. This situation has 
come up with respect to microcline (KAI- 
Si,Ogs) and its relation to the other triclinic 
feldspars, especially albite (NaAISi,Os). 
Recently the author (1950) described the 
lattice of microcline and, in another paper 
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(Laves and Chaisson, 1950), compared its 
geometry with that of “high” and “low” al- 
bite. In the description of microcline the au- 
thor followed the accepted convention used 
for triclinic feldspars in showing the co- 
ordinates such that the angle between the 
normals of (oo1) and (o10) is smaller than 

An extensive investigation of perth- 
ites (especially “cryptoperthites”’ or moon- 
stones, to be published later) has produced 
evidence that there are two main types of 
perthites: (a) cryptoperthite with exsolved 
“low” albite and (6) cryptoperthite with 
exsolved “high” albite.? If cryptoperthite 
with exsolved “low” albite is suitably heat- 
treated, the geometry and composition of 
the “low” albite is changed in a direction 
such that a linear extrapolation to a pure 
composition of KAISi,Os leads to the ge- 
ometry of microcline. This suggests the ex- 


2 The evidence for two types had been earlier 
recognized by Kézu and Endé (1921) and by Chao 
and Taylor (1940), but their explanation of them 
was somewhat different from that presented here. 
That there are two types of cryptoperthites, one 
having exsolved “low” albite and the other having 
exsolved “high” albite, has also been found recently 
and independently by Bowen and Tuttle (personal 
communication). 
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istence of a metastable continuous series of 
solid solutions from “low” albite to micro- 
cline, (010) A (001) being 86°20’ for albite 
and changing to 90°22’ for microcline. 
Therefore, considering this relationship 
between albite and microcline, the lattice 
should be described with an orientation that 
can be produced from that published by the 
author in 1950 by a 180° rotation of the sys- 


tem of co-ordinates around the b-axis. The 
new system of axes should be as shown in 
table 1 (for comparison, the corresponding 
values of the albite modifications are in- 


cluded). 
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ARTIFICIAL PREPARATION OF MICROCLINE® 


FRITZ LAVES 
University of Chicago 


No synthesis of microcline is known to 
the author. The following hypotheses and 
earlier experimental results led to the arti- 
ficial production of microcline described be- 
low. 

1. Barth (1934) suggested that the differ- 
ence between microcline (triclinic) and or- 
thoclase (monoclinic) is due to a difference 
in the distribution of Si and Al ions in the 
tetrahedral oxygen framework. He sug- 
gested an ordered distribution for micro- 
cline and a disordered one for orthoclase. 

2. The writer (1950) determined the geo- 
metrical differences between microcline and 
orthoclase, and the writer and Chaisson 
(1950) compared these with the geometrical 
differences between “low” albite and “high” 
albite. 

3. This comparison led to the assumption 
that the differences between microcline and 
orthoclase are of the same nature as those 
between “‘low” albite and “high” albite. 

4. This would suggest—using the newly 
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proposed orientation of microcline (this 
Journal, p. 510)—that “low” albite has an 
ordered distribution of Si and Al, whereas 
“high” albite has a disordered one. 

5. Heat treatment of cryptoperthites (or 
moonstones) with exsolved “low” albite at 
high temperatures (reported in a paper given 
at the meeting of the American Crystallo- 
graphic Association in February, 1951, in 
Washington, D.C.) produces rapid diffusion 
of the alkali ions. Ten minutes at 1,060° C. 
are sufficient to change the rather pure 
NaAlSi,Os portion (“low” albite) of the 
cryptoperthites to a (K, Na)AISi,Os struc- 
ture with a K: Na ratio of appxoximately 1, 
if the bulk composition of the cryptoperthite 
is about 60 per cent KAISi,Os and 40 per 
cent NaAlSi,Os. The geometry of such an in- 
termediate (K, Na)AISi,Os structure corre- 
sponds to that which one would expect for a 
fifty-fifty member of a series of solid solu- 
tions between “low” albite and microcline. 

6. It was suggested by the writer in the 
meeting mentioned in paragraph 5 that a 
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complete series of solid solutions between 
microcline and “low” albite may exist 
metastably at high temperatures. 

7. As a consequence of the above points, 
one might expect to produce a microcline by 
replacement of Na by K in a previously ex- 
isting “low’’-albite crystal. 

The following experiment was carried out. 
The (o10) cleavage plane of single “low”’- 
albite crystal (Amelia County) was coated 
with a glass powder of KAISi,Os composi- 
tion. The specimen (about 3 mm. thick) was 
heated for 6 hours at 1,060° C. The crystal 
was then cleaved on the (001) cleavage 
plane, and at the original glass-crystal inter- 
face a zone with different optical behavior 
was observed under the microscope. Within 
this zone (about o.1 mm. thick) the ex- 
tinction angle moves gradually from that 
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characteristic of “low” albite (about 3°) 
through o° to that characteristic of micro- 
cline (about 15°) on the very edge. X-ray 
precession pictures taken of a small piece re- 
moved from this zone showed two sets of 
spots: those characteristic of a single crystal 
of “low” albite and those characteristic of 
a single crystal of microcline. Both sets have 
the reciprocal b-axis nearly in common. The 
albite spots are sharp, whereas the micro- 
cline spots are diffuse because of some mosaic 
distortion resulting from the fact that the a- 
axes of the two structures are somewhat dif- 
ferent in length. The spots of microcline are 
connected to those of albite by diffuse zones. 
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DISCUSSION 


PHYSICAL PRINCIPLES OF OIL PRODUCTION: REPLY TO REVIEW: 


MORRIS MUSKAT 
Gulf Oil Corporation, Pittsburgh, Pennsylvania 


It would show ill grace indeed for an author 
to protest criticism of his work simply as a de- 
fense of pride. M. K. Hubbert’s (1950) expressed 
dissatisfaction with the author’s book does not 
in itself justify a reply. There can be honest dif- 
ferences of opinion and preference regarding the 
style, emphasis, content, and scope of a tech- 
nical book. In the present instance, however, 
the author’s book has been indicted as grossly 
misleading, confusing, and erroneous. Because 
this work has had rather widespread distribu- 
tion throughout the oil industry and these criti- 
cisms have been made by a responsible repre- 
sentative of an important member of the in- 
dustry, it is believed that a clarification of the 
situation is in order. 

If the writer has not been too confused by 
Hubbert’s crusade to dispel the confusion 
in the book, there appear to be two major 
points to Hubbert’s argument, ie., a claim 
that Darcy has been slighted with respect to 
the statement of Darcy’s law and the presence 
of basic errors in the formulation and use of 
Darcy’s law throughout the text. 

Hubbert apparently has decided to “carry 
the torch” in memory of H. Darcy. The author 
suggested that Darcy’s own contribution of 1856 
was essentially limited to the empirical demon- 
stration of the proportionality between the rate 
of flow of water through a linear filter bed and 
the pressure differential, the three-dimensional 
form, applicable to all inert fluids and including 
the effect of gravity, as now commonly used in 
the oil industry, representing a natural gen- 
eralization thereof. Hubbert denounces this as a 
grievous discredit to Darcy, mischievously per- 
petrated by the author, and claims that Darcy's 
original formulation fully encompassed the gen- 
eralized expression of the law as now used, in- 
cluding the effect of both pressure and gravity 
head, for arbitrary directions of flow, and pre- 
sumably also the segregation of the viscosity 
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factor. Before discussing further the specific 
question of the driving force, it may be well to 
point out that, even if it were true that the gen- 
eralized form of Darcy’s law as now under- 
stood was already established in 1856, it would 
still be appropriate, for expository purposes, to 
begin with the simple linear relation between 
the fluid velocity and pressure gradient as a basic 
empirical deduction. In fact, it is just this form 
of Darcy’s law, or its equivalent, which is used 
and confirmed perhaps thousands of times daily 
throughout the industry in measuring and cal- 
culating permeabilities. Except for special pur- 
poses, the driving forces are always measured 
and recorded as pressures in the oil industry, 
and, even when hydraulic heads are used, they 
are converted into pressures. 

But, returning to the historical question, it 
may be of interest to note that the author’s rep- 
resentation of Darcy’s original law was actually 
antedated by C. S. Slichter (1899) in his classic 
U.S. Geological Survey paper. Slichter, who has 
not been heretofore accused of underestimating 
Darcy’s contribution, states: “This law is often 
referred to as ‘Darcy’s Law,’ and may be ex- 
pressed by a formula as follows: 


(1) 


for which » is the velocity, p is the difference in 
pressure at the ends of the column of soil, and A 
is the length of the column. ... Eq. (1) may 
also be written: 


This, in effect, is identical with the author’s in- 
terpretation. And, to go back to the very origi- 
nal—Darcy’s work itself—we find in Darcy’s 
own words: “Ces expériences démontrent posi- 
tivement que le volume d’eau qui passe A travers 
une couche de sable d’une nature donnée est 
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proportionnel a la pression et en raison inverse 
de l’épaisseur des couches traversées.” 

It is futile to argue whether Darcy's use of 
the term pression here and throughout his paper 
refers to the pressure itself or to the difference 
between the pressure and the gravity head, es- 
pecially since, in formulating his empirical re- 
sults, he first calculates the pressure differences 
over the ends of the filter-bed column and then 
introduces the gravity head as an additional 
term. Actually, of course, when the flow has any 
vertical component, the driving force determin- 
ing the flow velocity is the proper vector sum of 
the pressure gradient and the unit gravity body 
force. In fact, this is emphasized throughout the 
text by the deliberate, frequent use of the sum 
of the gravity head and pressure as the equiva- 
lent of a potential function, although Hubbert 
also objects to this, apparently because in each 
and every case it is not explicitly written out 
that the medium is assumed to be homogeneous 
and the fluid incompressible. In any case, to show 
the utter absurdity of Hubbert’s implication 
that the author deliberately failed to give Darcy 
his due credit, it may be recalled that it was the 
author and his collaborators Wyckoff, Botset, 
and Reed who first proposed—in the paper 
Hubbert damns as the origin of all the errors— 
that the unit of permeability be named the 
“Darcy,” in honor of Darcy! 

As to Hubbert’s lengthy discussion of his own 
preferred derivation of Darcy’s law and his 
claims of its misuse in the author’s book, except 
for one specific point, the writer must plead ig- 
norance as to ‘‘what the shooting is all about.” 
And he has found no one else who has read this 
review who has claimed to understand it. Hub- 
bert admits that the “correct” equation—as he 
likes it—is given on page 124, when Darcy’s law 
is first introduced, and then also later on page 
185. He apparently does not like the simplifica- 
tions introduced subsequently when systems 
are treated in which the flow is substantially 
horizontal and gravity effects may be neglected. 
By almost deliberate misunderstanding of the 
text of the discussion he finds it proper to cite 
the trivial objection that in strict radial-flow 
systems the equipressure surfaces are not cylin- 
ders coaxial with the well bore, even though the 
driving-pressure functions do not appear to vary 
with the depth. He strangely overlooks the fact 
that where there might be any reasonable possi- 
bility of misinterpretation, as in the case of 
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spherical flow, the effect of the depth parameters 
is explicitly taken into account and referred to, 

Hubbert’s objection to the way in which the 
density terms were introduced in Equation 
7.7(1) is, of course, valid. While Hubbert is 
justified in this particular criticism, it happens 
that this error was not involved in any of the 
actual applications of the equations. 

Hubbert finally objects to dropping the non- 
linear gravity terms in the equation for com- 
pressible liquid flow, ignoring the fact that both 
analytical necessity and the natural distinction 
between systems which are predominantly hori- 


.zontal and two-dimensional and those which are 


significantly affected by gravity justify this 
simplification. Moreover, failure to accept this 
procedure would vitiate the significance and ap- 
plicability of such powerful tools as the electrical 
analyzer in treating water-drive systems. Of 
course, if and when Hubbert should publish 
solutions of the exact nonlinear equations, the 
writer will be more than happy to incorporate 
them in future discussions of the subject, with 
due credit to Hubbert. 

Any author who would insist that there is no 
room for improvement in his work would be 
treading on dangerous ground indeed. The very 
day his book was published, the author had in 
mind changes and corrections which he would 
make, if and when feasible. Since then he has 
been happy to receive a number of constructive 
criticisms from others working in the field, which 
will be very helpful in improving the work when 
the occasion permits. On the other hand, the au- 
thor feels that Hubbert’s blanket condemnation 
that the book will result in “the perpetuation of 
a state of confusion” is far more likely to cre- 
ate unwarranted confusion and a cloud of un- 
certainty than the academic fine points which 
so far seem to have confused only Hubbert him- 
self. From a practical standpoint, the book 
comprises the treatment of a great variety of 
problems pertaining to oil production. Hubbert 
would undoubtedly have happily “exposed” any. 
such incorrect treatments or solutions of spe- 
cific problems which should have resulted from 
the presumably erroneous and confusing pres- 
entation of the basic Darcy’s law. Yet he has 
cited none whatever, except for the trivial and 
misinterpreted case of radial flow previously 
mentioned. Does it not seem to be a miraculous 
coincidence that all the final solutions for the 
many individual problems should be correct 
when they are all derived from a confused un- 
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derstanding and formulation of the basic prin- 
ciples and equations? 

The writer would like to assure the reservoir 
engineering profession that, as far as is now 
known, their science is not based on erroneous 
foundations, that its well-established formula- 
tion of Darcy’s law is still technically sound, and 
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that the numerous and widespread applications 
of the law which have been made in the last 
twenty years represent, in the main, a firm basis 
for understanding and interpreting reservoir 
behavior and performance, subject only to the 
refinements, clarifications, and new discoveries 
to be developed by current and future research. 
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Annotated Bibliography on Sedimentation. Com- 
piled under the auspices of the Subcommittee 
on Sedimentation, Federal Inter-Agency 
River Basin Committee, and prepared under 
the supervision of the Soil Conservation 
Service, U.S. Department of Agriculture. 
(Sedimentation Bull. 2.) Washington, D.C., 


1950. Pp. 351. $1.25. 
Examination of this bibliography’s concise 
and informative Foreword reveals: 


This bibliography has been compiled as a guide 
to the engineering aspects of sedimentation. . . . In 
the course of this work, nearly 100,000 separate 
issues of periodicals, books, and reports published 
prior to 1942 were reviewed. A less complete canvass 
was made of the literature for articles published 
after 1942....The result is a comprehensive 
bibliography which is estimated to contain well over 
9° per cent of the more important articles on sedi- 
mentation published in the English language prior 
to January 1, 1950. 


Unpublished theses and translations of 
foreign-language articles, taken from the files of 
the Corps of Engineers, the National Bureau of 
Standards, and the Soil Conservation Service of 
1937, are also included. These, however, do not 
include the annotated theses and foreign-lan- 
guage references listed by Williams et al. (1937). 
Coverage of related fields, e.g., fluid mechanics, 
soils, etc., has been limited to the more promi- 
nent contributions. 

This bibliography contains both an author 
index (317 pp.) and a subject index (34 pp.). 
Annotations vary in length from as few as 20 
words to more than 650 words, with the longer 
annotations strongly correlating with the more 
immediate sediment engineering problems. 
Nonetheless, this bibliography’s range of sedi- 
mentation subject matter covers so broad a 
domain that its usefulness will extend well 
beyond “the engineering aspects of sedimenta- 
tion.” The co-operating government agencies 
are to be complimented for so broadly conceived 
an effort. 

PavuL EDWIN POTTER 


University of Chicago 


REFERENCE CITED 
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The Incomparable Valley: A Geologic Inter preta- 
tion of the Yosemite. By Francois E. Mat- 
THES. Edited by Fritio¥ FrYXELL. Berkeley 
and Los Angeles: University of California 
Press, 1950. Pp. xiii+160; pls. 50; figs. 11. 
$3.75. 

Sequoia National Park: A Geological Album. By 
Francois E. Matrues. Edited by Fritior 
FRYXELL. Berkeley and Los Angeles: Univer- 
sity of California Press, 1950. Pp. viii+136; 
figs. 124. $3.75. 

No other mountain range in North America 
has inspired geological literary efforts compar- 
able to those inspired by the Sierra Nevada, and 
these two volumes, in spirit and expression, 
clearly belong with the writings of Joseph Le 
Conte, Clarence King, and John Muir. Each in 
a different way achieves its avowed purpose: “‘to 
interpret the Yosemite and the Sierra Nevada to 
all who love the mountains, particularly those 
who come to see, and seeing, wonder and wish to 
understand.” All geologists interested in effec- 
tive presentation of their science to laymen 
should be grateful to Fritiof Fryxell, who is a 
contributor as well as a skilful editor, and to the 
University of California Press for making pub- 
lication possible following the death of Francois 
Matthes in 1948. 

The first volume is based in large part on 
Matthes’ larger work, Geologic History of the 
Yosemite Valley (U.S. Geol. Survey Prof. Paper 
160, 1930), and other writings, but it also in- 
cludes later-developed concepts regarding the 
nature of the uplift of the Sierra Nevada block, 
Wisconsin moraines, and the “little ice age.” 
Beginning with a general consideration of the 
entire range and its relation to the Yosemite 
region, the text, with this perspective, goes on to 
detailed descriptions and interpretations of the 
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valley itself, the sculpturing of its walls, the 
domes, the effects of weathering, the waterfalls, 
and the features resulting from the “little ice 
age” of historic times. The fifty photographs 
which illustrate the book are all of outstanding 
merit. 

The second volume on Sequoia National 
Park, as indicated by the subtitle, is a geological 
album consisting of 124 photographs with geo- 
logical annotations. It is based on three folios 
prepared by Matthes for the National Park 
Service in 1938 for educational use in the park. 
The presentation is successful not so much be- 
cause of the quality of the photographs and 
brief text as because of the organization of the 
material. Each photograph and accompanying 
annotation is focused on a single feature and 
forms part of a graded series by which major 
concepts are developed. Thus separate chapters 
deal with such themes as erosion surfaces, glacial 
forms, avalanche sculpture, frost action at high 
altitudes, structural control, and volcanic 
action. 

“The fullest appreciation of any landscape 
comes only when one is alive to its meaning 
also.” Volumes such as these contribute to 
“fullest appreciation” and are probably the best 
means available of introducing the layman to 
the fascination of geological problems. 


LELAND HorBERG 
University of Chicago 


The Sea and lis Mysteries: An Introduction to 
the Science of the Sea. By Joun S. COLMAN. 
New York: British Book Centre, Inc., 1950. 
Pp. 285; figs. 36; pls. 16. $3.00. 


The author’s Preface states: 


This book does not attempt to be a general and 
comprehensive textbook of oceanography. It tries 
to set forth and discuss the general principles of 
marine science, and to do so in a reasonably elemen- 
tary fashion. . .. Several important lines of work 
have been virtually ignored, such as the age-estima- 
tion of fish by means of scales and ear-bones, the 
study of migrations by means of fish-marking, the 
early work on currents with driftbottles, and so on. 
Such omissions must not be taken to imply that 
these researches are unimportant; it was felt, how- 
ever, that in a book of this size it was preferable to 
deal with a limited number of subjects reasonably 
fully, than to cover a wider field too briefly [p. 5]. 
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Certainly, the origin and history of the 
oceans as well as sedimentary processes deserve 
some emphasis in a book devoted to “the gen- 
eral principles of marine science.” However, 
these topics receive little attention (a half-page 
and a few isolated statements), whereas almost 
seven pages are devoted to the operation of the 
sail-like tentacles in Physallia, the Portuguese 
man-of-war. 

The discussion of coral reefs is notable for its 
rhetoric but makes little mention of the intense 
organic activity other than coral on and about 
a reef; the absence of any reference to algae as 
reef-builders is particularly unfortunate in view 
of their importance. One wonders how many 
ecologists and geologists would agree with the 
syllogism that, by virtue of the increased oxygen 
furnished by the Zooxanthellae, “the corals can 
grow faster than they otherwise would be able 
to, and so they become extensive enough to 
form reefs; reefs are therefore formed only in 
the presence of symbiotic algae” (p. 154). 

Readers who have been puzzled by the exist- 
ence of two daily tides will be disappointed by 
the author’s failure to explain this phenomenon: 
“(I find this problem difficult to explain clearly 
and briefly; it is a matter of the interaction of 
the gravitational pull of the moon and sun with 
the centrifugal force due to the rotation of the 
earth. It is all fully dealt with in The Oceans on 
pp. 545 et seq.)” (pp. 79-78). 

Perhaps by virtue of the author’s interest in 
plant plankton and related topics those sections 
of the book appear superior. 

This book might find some use in an elemen- 
tary science course, but it is not recommended 
to more advanced students. 

R. N. 
University of Miami 


X-ray Crystallography. By R. W. James. 4th ed. 
London: Methuen & Co., Ltd.; New York: 
John Wiley & Sons, Inc., 1950. Pp. vii+88; 
figs. 29. $1.25. 

With the exception of the addition of two 
sentences and one reference and the changing of 
a few words, the fourth edition of X-ray Crystal- 
lography is identical with the first edition pub- 
lished in 1930. 

ALFRED J. FRUER, JR. 


University of Chicago 
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Arizona Zinc and Lead Deposits, pt. 1. Arizona 
Bur. Mines, Geol. Ser. 18, Bull. 156; Univ. 
Arizona Bull., vo!. 21, no. 2. Tucson, 1950. 

The Bed-Load Function for Sediment Transpor- 
tation in Open Channel Flows. By Hans 
Albert Einstein. U.S. Dept. Agriculture, Soil 
Cons. Serv., Tech. Bull. 1026. Washington, 
D.C., 1950. 

Bibliography of the Geology of the State of 
South Carolina. By Julian J. Petty. Univ. 
South Carolina Pub., Phys. Sciences Ser. no. 
11, Bull. 1. Columbia, 1950. 

Chemical Character of Ground Water in the 
Coastal Plain of Virginia. By D. J. Ceder- 
strom. Virginia Geol. Survey Bull. 68. Uni- 
versity, Va., 1946. 

Geological Maps, A.G. Series. By L. V. Agashe 
and R. B. Gupte. Poona, India: Aryasam- 
skriti Press, 1940. 

Geology and Barite Deposits of the Del Rio 
District, Cocke County, Tennessee. By H. 
W. Ferguson and W. B. Jewell. Tennessee 
Div. Geology Bull. 57. Nashville, 1951. 

Geology of Bitterwater Creek Area, Kern Coun- 
ty, California. By Henry H. Heikkila and 
George M. MacLeod. California Div. Mines 
Special Rept. 6. San Francisco, 1951. 

Geology of the District North and East of 
Leeds. By Wilfrid Edwards, G. H. Mitchell, 
and T. H. Whitehead. Geol. Survey Great 
Britain Mem. London: His Majesty’s Sta- 
tionery Office, 1950. 

Geology of the Jurupa Mountains, San Bernar- 
dino and Riverside Counties, California. By 
Edward M. Mackevett. California Div. 
Mines Special Rept. 5. San Francisco, 1951. 

Geology and Physiography of the Kingston 


District, Jamaica. By Charles Alfred Matley. 


Institute of Jamaica. London: Crown Agents 
of the Colonies, 1951. 

Geology of Southwestern Santa Barbara Coun- 
ty, California. By T. W. Dibblee, Jr. Cali- 
fornia Div. Mines Bull. 150. San Francisco, 
1950. 

Kansas Pits and Quarries. By Robert O. Kulstad 
and Earl K. Nixon. Univ. Kansas Pub., State 
Geol. Survey Bull. go, pt. 1. Lawrence, 1951. 


The Kansas Rock Column. By Raymond C. 
Moore, John C. Frye, J. M. Jewett, Wallace 
Lee, and Howard G. O’Connor. Univ. Kansas 
Pub., State Geol. Survey Bull. 89. Lawrence, 
1951. 

The Limestone Resources of Southland, New 
Zealand. By R. W. Willett. New Zealand 
Geol. Survey Bull. 49, new ser. Wanganui, 
1950. 

Marl Deposits of the Province of Quebec. By 
G. W. Waddington. Quebec Dept. Mines, 
Mineral Deposits Branch, Geol. Rept. 45. 
Quebec: Rédempti Paradis, 1950. 

Ohio Stream-Flow Characteristics. Pt. 2: Water 
Supply and Storage Requirements. By 
William P. Cross and Earl E. Webber. 
Ohio Dept. Nat. Resources, Div. Water, 
Bull. 13. Columbus, 1950. 

Oregon Metal Mines Handbook: Northwestern 
Oregon. Oregon Dept. Geology and Min. In- 
dustries Bull. 14-D. Portland, 1951. 

Physical Properties of Eastern Kansas Crude 
Oils—a Preliminary Report. By Charles F. 
Weinaug. Univ. Kansas Pub., State Geol. 
Survey Bull. go, pt. 4. Lawrence, 1951. 

Die Quartiirgeschichte des Donaudeltas. By 
Max Pfannenstiel. Bonner Geog. Abh. no. 6. 
Wiirzburg, 1950. 

Report of the Geological Survey Board for the 
Year 1949. Dept. Sci. and Ind. Research, 
London: His Majesty’s Stationery Office. 
1950. 

The Source, Transportation, and Deposition of 
Beach Sediment in Southern California. By 
John W. Handin. Beach Erosion Board 
Tech. Mem. 22. 1951. 

Studies of the Use of Pervious Fence for Stream- 
bank Revetment. By John T. O’Brien. U.S. 
Dept. Agriculture, Soil Cons. Serv. Rept. 
A-70.1. Washington, D.C., 1951. 

Subsurface Woodford Black Shale, West Texas 
and Southeast New Mexico. By Samuel P. 
Ellison, Jr. Univ. Texas Rept. Inv. 7 Austin, 
1950. 

Surface Waters of Mississippi. Mississippi State 
Geol. Survey Bull. 68. University, Miss., 
1950. 
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properties and testing methods, instruments and instrument theory, cor- 
rections and interfering factors, interpretation, applications, and results. 


Published 1940 1,013 pages 6” x 9” 


Structural Geology 
By Marland P. Billings, Hareard University 


This lucid, well-illustrated text presents the methods used in deducing 
geological structure and understanding their origins. Later chapters dis- 
cuss folds, joints, faults, cleavages, and unconformities. Recent discoveries 


are fully treated. 
Strong features include: 


@ Material on igneous rock bodies, salt domes, structural petrology, and 
geophysical methods 


@ Laboratory exercises to prepare students for field work 
@ 366 diagrams, charts, maps; 19 photographs 


Published 1942 473 pages 


ee 6” x 9” | 


